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Summary,

In this monogreph an attempt is made to summarise the
theoretioal work ocarried out during the past few years aimed at
disoovering the potentialities of the gas turbine as a power plant
in many fields of applioation, but espeoially &s an aircraft power
unit, To do this the performance of the various modifications of the
ideal gas turbine oyole is conmidered in soue detail, and the works of
various authors are then oombined and edited in order to depict the
performance attainable by practioal engines. The influence of component
effioienoies on this latter performsnce is examined and the effeots of
modifications, such as recheating the gas after partial sxpansion or
introduoing a heat sxchanger, are coupared with the effects predictable
from the ideal oycle oaloulationa.

The association betwezn the gas turbine and jet reaction as a
means of aircraft propulsion is considered end the probable performance
of several simple jet engines cstimated over a speed ranges from O to 1500
m, p.h. The influenoe of forward speed and altitude on the output and
efficiency of the gas turbins is obtained and combined with the influsnce
of varying operating conditions upon the propulsive efficiency of the
Jot to give the ovsrall performance of a jet-turbinc oombination,

Finally a method of estimating the performance of a simple
Jet engine from the non-dimensional characieristios of its components
is detailed and the results of an sxample employing this method are
used to illustrats the influenoe of several factors, such as propelling
nozels size, upon the equilibrium running oonditions of such an engine,
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rformance tions £

Gas Turbine Engines

1.0 DeTROpUCTION

During the war years the gas turbine may be said to have
come into its own, both as an engine already aocepted and in operation
in jet propelled aircraft, and also as a potential power plant in many
other fields of servioe, It is desirable, therefore, to swumarise the
main features and characteristios of gas turbine engine performance
known at present, snd to give short descriptions of the methods which
may be adopted to determine this performance, Such is the object of
this report. :

THE CYCLE
2.1 The plain cycle

The gas turbine operates on what is usually referred to as
the "oonstant pressure cyole" the implication being that the working
fluid remaina at constant pressure during the period in which heat is
being supplied. The ideal cyole is sh mn in Figure 1 (&) on a Total
Heat-Entropy chart. Ideally air, the working substance, is taken in at
the State I and oompressed without change of entropy to State 2, Then,
keeping oonstant pressure, heat is added, increasing the temperature
and the volume until the air is at State J, when it is allowed to
expand, again isentropically, to State 4. The air standard efficienoy
of suh a cycle, based on the assumption of constant specifio heats at
all temperatures, may easily be assessed., For if kp is the specifio
heat at constant pressure, the heat taken in is kp (T3 - T2) and the
heat rejeoted is kp (T - T4) so that

Air Standard Efficiency = Heat taken in - Heat rejected
Heat taken in

T - -7

kp (T3 - T2)

T‘..-'.h
= 1 -

T} - Ty

If the pressure ratio in ocmpression equals the pressure ratio in
expansion, both béing denoted by R, then the tempsrature ratios
- 9

T L I x=1
%0y ana /1), are both equal to (R) ¥, where Y = ratio
of specific heats, and 0

-
.~

Y=k
Air Standard Effioiency = 1 = ( % T ™ sens XYY} ssoe (1)

The veriation of this effioiency with pressure ratioisshomin Figure 2(a)
using ¥ = 1.4 for air. The increase in efficiercy with pressure
Tatio is seen to re rapid at first but it is finally assymptotio to 100K,




s W A O

VL W SR Py de 4Ry TOe v W - a s

-6=.

Note should be made of the faot that for gas turbincs it is more usual
¢o work in termms of pressure ratio and not with the volume ratio which
is usually employed in work on intemal combustion reciprocating engines.

It is clear too that, if it werc possible to curry out the
compression and expension of the gus adiabaticelly the efficiency of a
gas turbinu cngine of constant pressure ratio would be unuffected by
variation: in the maximum t.mperatu:= of the cycle., The work output
will, howcver, inorease with increasing maxiwum temperature, Tz, if
intake temperuture, T4, is zssumed to remain constant. For work output
per 1b, of working fluid

codip-ad - el

= kp E;*Ti'u?_z'-'f}‘o'f_u +Ta 3
T4 T3

= kp [.-T}(‘l - 1/0) - Ty (O L 1):‘ vese (2)

where o = (R) Ty = T2
T4

The variation of the quotient WOrK/kp T4 is plotted in Figure 2
Ab) as a function of pressure ratio and T:/Ty, The work, like the
eff'iciency, inoreases rapidly at first with increasing pressure ratio,
but unlikc the efficiency it reaohes an optimum tnd then decreascs, The
pressure ratio at which the optimun work occurs incr=ases with inoreasing
temperature ratio and is, in fact, that which makes o? = T3/1q (by
dieferentiating the equation (2)) and in consequence makes Tz &nd Ty,
equal,

2,2 Modifications to_plain cycle ﬁ
2.2.1 Improvement of ifficienoy : Heut Exchange )

If we assume thet by the usec of a perfectly efficient heat
exchanger we may remove heut from the air at the ¢nd of expansion
and supply it to the compressed air as part of the hei ting provess we
may improve the efficicnoy of the cycle under certain conditions, In
the limiting case of a perfectly efi'icient contra-flow heat exchanger
the tempersture of the exhaust air may b- lowered to that at the end
of compression, and the temperature of the compressed air raised to -
that of the air at the end of expansion, It is olear therefore thet
such a heat exchanger is onlt{a‘)f use if Ty, is greater than T» in the
normal cyocle, This impliecs t mechanical or other considerations
prevent the attaining of the pressure ratic which yields maximum work
output for a given tempersture rutio T3/Tq for under such conditions
Tg and T, are equal. Figure 1 (b) illustretes ihe cycle, Statss 1 to 4
are as in the nomal cyole but state 5 is introduced to indicate the
point where the air pasges from heat exchenger to heater and state 6
gives the state at which the air leaves the engine, ¥e are concermed at
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present only with the case when T¢ = T}, and T¢ = Toey that of &
perfectly effisient exchanger, 5 4

Efficiency = Heat in - Heat out
Heat in

= (- 15) - kp (14 - 1,)
kp (TJ - Ts)
= (T’ - Th) - (Tz - T1)
T3 'TLI-

I1-T1
m,

:1-.0’1‘1

T3

Beocause " To T
— = - o
T4 Ti

The ideal officiency is now aeen to be dependent both on pressure
Tatio and also the ratic of the terper ture before expansion to the
initial temperature T4e The equation (3) also indiestes that ir there is an
gr which may be employed
in an engine with s he clency will be cbtained by
employing the lowest Pressure ratio compatible with obtaining the necessary

The ideal officienoy will exceod thatYot'ﬁhe engine witaout heat
= i

exchanger as long as T}, is greater than T1 x R" 0O
than Tzo o

The heat exchanger does not effoct the work output per 1b, of
working subsiange which is

= kp{(T; - T5) - (16 - m}
= kp Ts-Ta-'-rh-pm}
=k {7301 -1) - 2,(c- 1)} as before

Figure 2(b) also Tepresents, therefore, the work output from
the oycle with heat exchanger as well as that from tho normal cyole,

Tetfure ratios anpd
Prussurv ratio up to a Poiav where it equals
that of the normel cycle,
y comparison betweun Figures2(s), 2(b) ang 2(c) it is mage
t

B
clear that the prossure ratio st which the efficiencics of the two
cyolesare cqual is also the pressure ratio of optimum work for the
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given temperaturc ratio. Under thege conditions Ty = T,._ and the hect
éxchanger shows no adventage. at lower Fressure ratios, however, the
adventage con be appreciable, Consider T Ty = bs At 2 pressure ratio
of 11:1 the aiy stindard efficiency is § % end the work output rer
1b/sec, is ideally & maxizum, . hcat ixchang.r has no tffect on thege
velues, it a pressure retig of 5:1, the sork output per 1b, ig reduced
by 118 from th maximuwn, but th: air starderd =ffici:ncy of the cyole
with a heat cxchanger, is now 60%, Th. Noimal cycle opercting at 5:1
Pressurc retio would have an air standarg efficiency of only 374,

2,2, 2, Iogroverment of Output : kcheat

al there is en upper limit to T3 an inorcase
; substanc: over the plain cycle may be
@ eXpansion to tuke place in parts and by
the upper limit T3 between cach part,
new cycle if the ¢ i , it into two such parts,
NOW at the end of the first cxpansion and state 6 ig reacheq
after rée-heating, so tmmt Tg = Tj- The work output per 1b, is now

=kp | (T ")+ (%6 - T5) - (1, - 1,))
T3 -1, }

If we denote T}/l‘s by k having already used Ty/Ty = ¢, then Te/Ty = %/
because Pp/py = P3/P5 . Ps/P), and theicfore I2=1T3 xTg since P5 = pg
T4 Ty

.'.'r'loxt'=kp ETj T = T5 “Ty + T1-,
= kp fﬂ}-dﬁ -T3/k-k‘.t'3/o+1'ﬂ

g -1

work is o moximum if k=/3, This is s
and consequently the Preesure ratios across
éxponsion ere equal, It €an be proved that tae
from the plain cycle for all
= Pricticel cascs, but it is
iman ideal efficicney octurs when k = 1, i.e, in
with one sxpansion only.

Figures 2(g) ana 2(h) show, resgectively, the <fficiency and
the work output parancter of the new cyclc, ag & Tunction of pressure
mmtio and temperature retios. The best division temperature drog
between the 2 verts of the ox i :
optimum work output ar: gee
figures in the normal cycle
the eff'iciency of the noimal cyels at similarp pPressure ratios, is also
now a function of tempersture ratio apd Qeecreases with ducreasing
temperature ratio,
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2020 3¢ vement of Output : Intercool

Results comparable to those found for the reheated gycle are
obtained if the compression is divided into 2 parts and the air coolad
to its original temper:ture T4 betwecn the two campressors (sve Figure 1(c)).
The output is incrcescd, recching o maximum when the peessure ratios in
the two compressors are equal, but the ideul efficiency of the cycle is
reduced.

At low preaswe ratios &nd between fixed tempercture limits
T3 and T4, however, though intercooling increascs the work output of a
oyole of fixud pressure ratio somewhat less than does reheat, the
lowering of the air stunderd efficivncy is also somewhat smalicr, Figures
2(d) and 2(e) illustrote those features, the curves ocoupying an
intermediate position betwuun thosu for the plain cycle znd thoac for
the rcheat cycle over the range of pressure ratio shown.

2,53 Valuc of Idval Cycle rstimates

The foregoing in no way represents all the variations whioh
may be made to the ideal oycle. It is intended only to show the effects
which may be cxpected from three types of modificution which it is
relatively easy to vmploy on a gas turbine engine in its present gencral
form. Although the inefficiencies of the various conponents meke the
formulae and volucs of the eir atandard efficicnoies quoted above matters
of acadcuic interest only, they remain, nevertheleuss, the liaits to which
the realised guerforuance of o turbine ongine wili tend to approach with
all-round iuwprovements in coaponcnt efficiencies.

2,4 Multiple Modifications

Before passing on to moru detailed consideration of realised ’
performence it is of interest to notu the effoct in the ideal oase of
incorporating in the plein cycle casbinations of reheat, of interoceooling
and of heat axchange,

2.4.1 Reheat and Heat Exchange

-The introduction of the heat exchanger into the qycle with
reheat (Sce Figure 1(f)) does not cfiect the work output of the gycle
any more than did its introduction into the plain cycle, and the optiam
work for a given T3/Tq still occurs when tho threc temperatures T2, Ts
and Ty, arc equal, ths condition at which 2 heat exchanger has no
advantage. At prussure ratios belos that giving the optimm work for a
given tempereture ratio, the influence of the huat exchanger is more
marked than in the case of the plain cyole with heat oxchanger, Figure
2(1i) indicates this result, the efiiciency again being that corresponding
to the best division of the tuaperaturc drop between the two parts of
the oxpansion (actually cqual tempereture drop in both parts).

The introduction of the heat exchanger has the offect that
this division of tempereturs drop is now not only thot for optirum
work output but also for optimun cycle efficiency. vithout tho heat
exchanger thu efficienoy at fixed tempereturc and prussure ratios was
at an optinum when no rehcat wos introduced. The heet exchange: inakus
the two optimm ooinoide at the same division of teuperanturc drop,
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Considering ugnin T3/T4 = 4 s in perograph 2,2,1, Pigure 2(h)
shows that the incluasion of xuheat in the cycle of a pressure ratio of
41:1 will incrense the work output per lb/sce by 34% on that of the
plain cycle (Figurc 2(b))and that this is still slightly below the
optimwa obtainable with T3/Tq4 = 430 at preasure rotios of approximetcly
20:1. Figures 2(g) and 2(1) show that the air struderd efficiency at
41:1 pressure rotio would be 424 with rcheot ~lone ond 58€ with a heat
exchanger and r-hceat, The 5:1 pruscure ratio eycle previously considered
would have a work output 6% grocter with rchect thon the optiraxa for
the plein cycle, whilst the wir standurd cf'ficicnoy of 33546 with reheut
alone, would be incrcesed to O4% with the addition of o heat pxchanger.

2¢4e 2, Intercooling and Hent txchongoe

The influence of & hect cxchanger on the cyciu with intcrcooler
is comparabl: with its influence upon the reheet cyele, The work output
remaing uncltered, but the officiency is cpprecisbly increesed at low
pressure ratios (Figure 2(f))

2e4e 3. Intercooling cnd Reheot

Intercating rosults are obti.inud froia n study of the cyole
incorpor:ting both rcheet and intercooling showvm in figure 4 (g). The
equation for the work output per lb/sce, of vorking substance when the
compreasion mnd exponsion temporcture chunges are cqually divided by
the intercooler nnd re=hecter respectively is

Work = 2T
Ty [5-’11(1 =) - (Vo -1)_\
S

Conparison with cquation (2) shows thot nt ¢ prossure rntio of (c)YET'
the new cycle givea, fdeauly, just twice the wort. of the plein cycle of
pressure ratio (‘/ET = s using the srnc tusg ture rotio Tz/T4. This
always represcnis o lncrecs: in worck ove. tue plein eycle ot the sane
pressure rotio (¢) yor ond temperntu.c rotio x/'r1. Figure 2(k)
illustrates thet the work output is in foet greotor then that rrom any
cycle previously considered but the sde stond=rl cfficiency Pigure 2(J)
is lower than i'or all the othuxa.

2.44 4 Intercooling, Kehent ond iect sxzchonee,

The addition of & heat uxchenguer to this lnst cycle, however,
finally asscointes the maxiows culjut wor Lue d'ore o Liven tanperature
ratio, with aeximum air strndrra efficivucives Tiae efficiency of the
cycle shown in Pigure 1 (h) is

= 1- 0 /o
I3

and equals, therefore, the efficicncy of the pleir oyecle with heat
exchange at pressure ratios equul to the squiic root of those caployed
in the new cycle, Figure 2(1) shows the officicncy of this cycle to be
higher then the corrcsponding cfiiciuncy for 2ny otk r cycle considered,




2,5 Exomple

Enough has been said to show that botih the output and efficiency
of a plain cycle ocn be considerebly inorvased by the wodificetions of
rehect or intercooling ~nd hest exchenge used in conjunction with ec
other, it buing asswacd thet the tumperature rotio, T3/T4 represents o
fixed linmit to thc vcrious oycles. The investigation has been restricted
to the introduction of on: stogy only, of reheat and insercooling, in

order to show the effucts thot iiight be obteined by rensonably practiiceble
modificrtions to thu cyclc.

In order to swmicrise these efivcts the results of the cxample
alrepdy discussed arc couplceted cnd tabuleted below,

TEMP:xaTURE RATIO = 4:1.

I Air Stendard

| work ! igd

Output i Without ' With
Parameter  He, Exchange iH.Exoh.‘

i

Plain 1400 0,50 | 0,50
Plain + Inturcooling 1.17 | 0.45 I 0.59

Plain + Ruhcot ' 136 | oz | o8

Plein + I,C. + R.H, i 1.50 0.100 l 0165

5,0 THE WITH LOSSES

The discussion of the ideal cycles l.ads to rusults which,
though valucble indientions of the relative importance off tempereture
rotio, prussure retio end various modifioations on the constent pressure
oyole ., are, nuvertheless, unnttainoble in prootice. In prnotice it is
impossible to onrry out vither the comgression or cxpansion of the working
substance isentropically, cnd the heating process is likely to introduce
smell lossca in pressurc. Modificntions such as rchecting, intercooling
and heat c¢xchinge are also rccompinied by prussure lossus. Coupleto
exchange of huat butwuun hot exhaust gasus ~nd th: compresscd gos is
improbeble, and contrary to the asswuaption 8o for mude, the specific hiat

. of thc ges is not oonstant with changes in temperuture, so that the rutio
of tempurt.twe chonge to hext chonge ie not constant in all perts of
the cyclu. These are same of the rvasons why figurcs obteined for the
idenl oycle arc not guontitative estimates of the perforuance of a
prectical ¢nginc opernting at the srme teapercture and pressure ratios.




3.1 Speeific Beat Chonges

The perfonaance of the ideal cycle has been assussed on th
agswuption that the speoifio huat of the workin, fluid is constznt ot
0,24 (v = 1.4) ct 21l points in the cycle, this being the specific nsat
of air under N,T.F. oonditions, In actunl frot, however, the spucific
heat of pure cir incronmsca with taspernture, and in eddition tho
adiixture of the products of coubustion of any fucl which muy be burnt
in the air strecu, incresses the specif'ic hect still further, Figure 3(e)
shows thc variation of the truc specific heat of nir with tuancrature
end in passing shows also the influcnce of the products of combustion
of o typical hydrocnrbon fucl., To.allow for thu true specific heat at
all points in the cycle necesserily aoskes any purforucnce calculcotion
o soixcwhat laborious businces., a8 an tpproximation it is possible to
use values of mean specific heat for the cowpression, heating ond expansion
parts of the eycle estimeted fro.. the cppropricte teinpercturc chengee A
further cpproxumntion which is sooctimes uged for added simplicity, is ~
the adoption of average figurnus for the nwan specific heot in compression
and c¢xpension which cre uscd independent of the actusl tuapercture chonges.
Figures of 0,24 for compression and 0.27€ for uxpsnsion ~rv typicel
volues for these average iacan specific heots,

figures 3(b) and 3(c) show the virintion of eir standord
efficiency and of work output with cyele pressure ratio ot o tempercturc
rotio of 4 when these vorious assunptions arc made regerding specific
heat. The work cutput is shown as CHU/1lb, of air wnich would be given if
the inlet tempernture of the cycle were 288%K and it correspends to the
difference between the hert drop in cxpension end the heat rise in
compression, Curves arc drewn using the following different asswagtions,

1.  Constant specifio heat of 0,240 CHU/1b/%C

2. Constant spccific heat of 0,276 CHU/1b/%C

3. Appropriate wcean specific heat in coapressicn, heating and
expansions

4.  Appropriatc umcen specific heat in heating but constant mean
specific hicet of 0.240 in compression and of 0,276 in expansion,

5.  Actunl total hects,

In the three lotter cases sllowance is nwde for the snell
incrcase in the wnss of working fluid due to adding fuel to the air
stream, It is scen from Figure 3 thot the approximations 3 and 4 above,
both give curves lying very close to the curve 5 using ictusl Total
Heats, and that they fall betw cn the curves for constant specific
heats. At the lower preasure ratios there is a tendency for the 3 curves
to epproach the curve for o constont value of 0.276, but at higher
pressure ratios they oceupy 2 moie intenaedicte position between the
curves for Sp.Ht, of 0,240 znd 0.226 over the whole cyclu, This is
not altogether an efi'cet of chonging specific heet, but is due in pert to
the influcnce of the wnss of the fucl (2% of the nmss of air ot pressur
ratio = 2, 1.3% at pressure mtio of 20). In «ll cases, however, the
air standard efficiency is lower thrn that which would be obtzined if rir
had, at all temperaturcs, the specific heat of 0,240 occuring at N.T.F.
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3.2 gomponent Ef.iciencies

Vihen practical oonsiderntious ef component losscus cre teken

. intc tccount thc oycle on which an engine operntes; in the siuplest odase *
the plain cycle, is similir to that shown in ligure 4. changes in specific f
heat being tuken into account in plotting the constent pressure lines. B
The tempen.ture fter caapression, T2, is greiter than the temperature, 4
T2', which would have been reached in isentropic compression over the
soame pressure ratic, sore work hns had to be don. tc cbtain a given

pressure ratio then in the ideal case of isentropic compruasion, The }
pressure Pz is lower than the pressure aft.r coupression, Pp, by the :
cuount of the preasure loss incurred in the heating process. Inefficiencies

in the exponsion process, causc the tempe.ature drop and consequently

the work done in the expansion to be less than if the expansicn were

isentropic. The final temperature, Ty, is therofore griu.tur than the }
temperuture T)! corrvaponding to isentropic cxpansion. It will be seen

that logioal %.efimitions of the efificiencies of coupression and exponsion

arv therefore ;-

Efficiency of compression, M12 a Isentropic Tewpen.ture sise
Actual gempsmgure Tisec

e - th_.r

. T2-T
- nlw -

T2 -Tq

(where R is again the pressur: ratic)

Bfficiency of expansion M 34 = Actual T%'rature Drop
_lsentropic Tenperature Drop

-Tz-'l‘!
'1'3—'!‘:_

] - T
5 [ -
3.3 gtatio and Stagnation Conditions

1f, as is often the oase, the working substance is not at
rest at any stoge in the cycle which it is neccssary toc consider,
distinotion must bc made between the static and stagnation conditions
of the gns at that stage, The statio pressure oand tomperature of the
gas are thoac which would be recorded by cn cbscrver moving freely in
the ges stroon at the scme velocity as the ges, whilat the
stcgnation, or totsl heed, tempurature ond pressure are those which
would bc obsurved if the gas were brought to reat instantaneously and

: without loss.
t
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The totnl he 4 tempernture g, of the ghe 2
stotic tenperatur g, by th penpers ur quivel nt
Vy 2
Tt =T ¢ _—__——Y——‘-
2pJKp
and the totol head pressures Py WY be related to
by the Telotionship

asible fluid,

Py = p(CY/m) TR
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2, Heﬁtm

In oll known grs turbine engines and projeots, huating of the
eir is cirricd out by buming liquid fuel, (prraffin or putrol) or gaseous
fuel in the air and allowing, the heat generated to be conrmniocated to the
whole iess of the air, |

3. Expunsion

A proportion of the work obtzinvd fron the cxpansion of the
hot geses, is requircd to drive the compcessor and this work is extructed
by the couponunt which gives its name to the whole enginc, the turbine,
To dote 4l engines huve incorgornted single - or wulti-staged axial
turbiavs, No radicl flow turbines huve buen uscds Further expansion
beyond thit required to provide the work to drive the compressor nay be
oarried out in « further turbine or in later stages of the first turbine
and the power obsorbed in the wost convenient wey, (e.g. by ~n cluctrie
generator, or in the oase of aircreft applicntions, by & propeller), In
the ptrticular onse of aireraft jet propulsion, the final cxpansion is
carried out in the propclling nozzle ond imperts & high velocity to the
eir vwhich leaves tie cngine as o propulsive jete It is clear that in
engincs of this typ: the cir is never .t ruct but flows in a sterdy
stret through the engine, and furthur tuct no engine for use with jet
proputsion can opurate on & closed cycl., using, the same charge of air
oontinuously, but must inspire fresh rir to recplace thot being
vxhoustud from theagine,

Db vim ¥y g B

LR

4e2 Duofinitions of Ef.iciencies

as ot cll stoges in a gos turbine engine the air is in motion
it beoomcs nccess. ry to distinguish between totel head and statio
oonditions in definung component cvffioicncics, In general the following
oonventions cr: adopted,

b 2,1, Comprussor Efficicncy

Compressor efficiency is d:fined using total head oonditions
at both inlet and outlet. This is o conveniuvnt arrangement beoctuse the
total head ten.crotur: rise in the coupressor is a mcasure of the work
being absorbed, Further it is gonernlly easier to measure total head
pressures than strtic ones, so that coamp.essor tosts yicld mo.& relisble
estimates of total hcad cfiiciency than of stetic efficiency.

4e2.2, Combustion rressure Loss and Combustion Efficiency

As the oombustion prooess is far frou buing un adiabatic
chonge it is not possiblc to relate the changes of preussurc and tuaperoture
taking place in combustion by any form of adiobotio ¢fr'ioicncy. Instead
the sm.ll loss in pressure in the combustion chomber is usually referred
to in nbsolute units of Canbustion Chrmber Pressure Loss and the temm
Combustion Efficiency is rescrved for the ratio of the actual tempernture
risc to the temperature rise which would be obteimcd if all the fuel
were oompletely burneds
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4o 2.3, Turbine bfficiuncy

Ag-dn it ip gunerully wore oonveniunt to use tottl heed to
total hund uizicicney when considering the turbine, for the s.ue rv.sons
3 in the conpr-ssors In so.c ezg:3 however, for uxanple when th: turbine
is uxhausting to nt.csphor:, it is iwose conviniunt to rolite the cotunl
tuiperatur. droy. to the is ntropic darsp corses)cuding to the rotio of
the totil he d inict prissur to Ltuitiz outl.t prisiure, The actunl
tewperstuce irow is now the swu of the fettl hera tudpusitwe drop (the
work) and the to.guratur. cyuivii.nt o¢ the outlet vilocity. This touzl
head to statie cificicney is so..vin.t aighr-than the corrvsponding
totr.l hend to totsd hesd officicney.

he2.le Jet Mip: Efiicicncy

In th. specicl cose of jut propulsion, on effioiency hes to be
rpplicd to th. last c.opansion ia the jut-pipe nnd nozzle., Since, apart
frou o nuplipibic luss of heat due to scdiction, no hect is ruimoved in
the jet-pipe the totnl head teaxrcture is censtiat at eIl steges olong
the pipee The only «uy cn officiency cnn be i licd thercefore is by
relating the cetusl nad issntropre tuapersture chinges between total
heed conditions ot inlct ~nd static conditions nt outlet,

Le 245, Combined Efiiciincius

In curt an poweral codoul tions it ia convenicnt to wpply 2
cambinud viticicney to tus or mu.. tSwponents. An o xaaple of such :n
efficivncy is =n ovi il cupnnsion «fiicioncy covering both the
tuaperrture deops in the turbine or turbines cnd the tuiperature equiv.lent
of the exhous: velocity., Occusionzlly, when it .oy be csswacd that the
exhaust velocity fro.: b turbire will bo redatively swdl, it is oftun
uscful to faswi. ' CfTicloney vhich vxpresscs thae total heed tenroture
drop in n turbine ns @ poie.ntege of the is.ntrotic tuapuoi.tuse drop
between totzl head inlet end stotic outlet conditivns, iin:lly the
pressure loss in the cumbustion sysicia wey be churged asninst the
couapriasor to cive & coubined «fficivncy eesy to usc in wock of e genersl ﬂ
nature, Thus -

M3t Cawbinod cfficiengy cf caiyressor

Iscntropic Rise corrusponding to
and coubustion chauber

= tot~l hod presswe ratio across
both cowon.nts

Tot:Ll ftecd 'PompeRise in Coupressor
PERFORMANCE CALCULATIONS ON CYCL&S WITH IOSSES

Hoving enmuacitted the verious ways in which losses are
incurrvd in o gas turbine cnd defincd the woays in which cauponent
efficiencics may bue cxpressed, it is nows possible to investigate the
influcnce of the inefficicencies of cny capinc upon the idcal pexformance
for thu cyelec given in porng.cph 2,

Tt will be cssuwcd thot the ty,.c of cngine considired is one
in which power is .xterctid by ¢ twrbim, the engine being rvgarded os

a stationary pow.r plent opor ling under nomal svt lovel etospherio
oonditions ot inl.t.
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5.1 Effvet of V:aying Couprvssor and Turbine Efiicicncoies
St 02 _TLA¥ang Lalpressor S ouroine riiicicncies
S5e1a1, Assuaptions
1o sfficiency of fower Turbine = constunt = o0k

(2ssuming negli, ‘ble laaving velocity)
2. Combustion Efiiciuncy = 95%

o

3+ Muchanieol ifticiency of tr msuission
of work froi turbinc to couprussor = 99%

4 Th. cougrcssor .nd tucbin. vfficicncies are 21l total head
to totol hiru gurntitics cni tue coupressor efficiency
includes coibustion chtiber pres.ure loss,

S W o M SR e e

5. lcan Specific tiet of cir ot construt pressure = 0,240

6. :fean Speeciric Huat of hot geses ot constant pressurc = 0,276

Se1.2, Specitien Calcul-tion

To Qeternine the sutput and «fiicicncy of the oycle opercting
at a turbinc inlct totol hend temperature of T3¢ nud o pressure retio
Geross coupresscr and combustion chanber of P5¢/Py¢;

Iscntropic towerstwe rise from irdet temperature, T4y , of
15% ( 268°K) corrvsponding to pressurce ratio P34/Pyy

= 266 ﬁ P;t)_"" rdr _]
RP1g/ ¥ !

eTherefore the actusl tumpeenture rise in the coupressor, Tog = T4,

. 288 Bgﬁz)o.zw _1]

N3t
The work in CHU/lb/sec, required for thia compruasion

=k air [th - Tyg)

If the masscs of nir snd £as are rogerded as equal (moss of
fuel neglectcd") the tumpernture drop ie the turbine driviug the
coupressor '1'31., = Th¢s is given by the work cauntion

¥y eng [Tjt - Tht] = Yo nir ‘E2t - T1t]

M mech,

Tjt - Tk-t = 0, @ ; .TZt - T1€'
0.276 x 0.99

¥ Pootnote If the ress of fuel is not negligible the work equation
' should contuin & factor (1+q) on the right hand side
Q being the mass of fucl burnt per sve, for every 1b per
8cCg0f cir flow,
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The pressure ratio across the puwer turbine is F)t/Pqt if it is
assuncd that the turbine oxhausts to t tuospheric pressure Pqy. Since
T34 has been assuned, Tln;: the total h superature ot inlet to the
povwer turbine, is also kiown. Henee using the power turbine cfficiency of

the actunl total heng t ipeinture drop in the power tucbine is

Tyt - Tog = 0,60 T,y (1 - Pﬁ_) 4..(1)25 ,
Prt

The work done by the enginc is » thereforu, equal to
0.276 | Tyy - Tsy J CHU per 1b./scee of air
0.276 [Tyy - Tsy ) <1400

550
The burning >f the fucl causes = t uperature ris

and therefore Qi.' » tiz minimun fuel reguircd por 1b. /scg of
given by

BHP per 1b./sce.

of T34 - Toy
air is

(}fa X Cp = kp j,:-TSt = thl 1b, /sce.
vhere Cp = Colorific Value in CHU/1b

=nd tP = Meon specific heat during combusticn
Allowance must be made For the unburnt fucl so that the
actual fuel consuiption Qp is given by

. .
Qp = _1 B = o)} 1b. /sec. for 1b,
N comb ) /sce.hirtlow,

The cycle efficicney is, thercfore

n 4 SCCe
Heat added. CHU/LD BCC,

0.276 LTM = T51-,-J x 0.98
% (T3 - T2t
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Results

5¢1e3.

By carrying out this cclouletion for a rxang:c of presswe
retics 2nd inlet tuaperetures and- for threc different valucs of both
caupreasor cnd turbine officicncy an estiante oy be m.de of the influence
of the two muin ¢.aiponunt eff-ciuncivs on the ovexill ¢fiiciency of the
cycle with loussus. The rdsults usiag co. 4 :880F officicncies of 75%,
02,58 =.nd 90%, turbine fficicneic 3 of 823, 87 3, tnd 928 2nd turbine d
intct teop.ar.tura of JOOPK, 1000°K wnd 1100° K .rc shown in Figurc 5. i
To illustr:t. the rolcotionship of the W cwdves to those of the ideal
cycle, curvis for the latter ~r. wlso plotted, the work output poraneter
being convertud to the more prosticsd foma of BHP/1b,/sce. virflow,
(Specific BHP) and de to coricspond tu oo indet tuapernture of
288%K end o scin specilic hutt for the cyeley of 0,276 since for pressure
ratios butween 1 ond 10 this oyproximitus mosc closcly to renlity than
does the value ol U.lhe i

" 5.1.4. Discussion

The introduction of losses is se¢en to oamusc on approcisble
diminution in both the sutput and the efficienay obtained fraa a given
cycle.

S5e1ebe1s Effect on Efficicnoy

Considering a typicol pressur rotio of 5:1 Figurce 5(c) shows thet

with the highest cuoubinetiocn of «fficiencies comsidored - 00.1pressor 90%

turbane 92% (powur turbine ofriciency 80‘?:) - the eyele efficicney im

reduced froa tiv cir stondord veluu of 33% to 23.8% when the nximun

tempercture is 1100%K or 23.3% n:t 900%K. The mexinwa tunpereture hes .

moinly n sveondery uficct on the cycle cfficicney provided thit pressure \

ratios are roesonably low cnd couponent officicncivs fairly goods As

pressure rotios inereese, hewever, the towperature chrnges in the turbiue

end comprossor increns. trd the cyclc officiuncy beco.s molc suscueptible

to changes in maximun toeapercture, tnd t1s> to changes in the efJicicneoy

of the twc caaponents. Thus at 10:1 pressure rotio cnd animun ofriciencivs,
‘ a low;.rm;; of T3¢ froa 1100%K to 009K causes a drop in cycle «fficiuncy

from 30.5° to 28,5 it this prussure ratio o drop in turbine cfficicney

fron 92:° to 62¢ still usiny 90 comprussor ‘.i‘n.c:.l.ncy lowers the cycle

efficivncy from 50.5Y quoted for 1100° to 26,57 whilst the figure of

28,5 for 900°K is reduced to 20.5%. At 5:1 pressure rotis the effect

of lowering tinc turbine \.fﬁc:.‘.ncy 1-1 less aristic (23.87 to 21,5 at

1100%K =nd 23.27 to 19.57 at §00°K).

* Figurce 5(c), 5(e) and 5(g) illustizte thot the oftuct of
fallin, comprussve efricivncy is c.wporable t.o thut of falling turbine
efficivncy, At the valuss of T3y = 1000°K cnid turbine ofricivncy of 7%,
mean valueg of their ruspuctive ronges, o fall of compruessor cfficiency

from 30¢ to 75¢ lowers the cyclu efficicncy from 228 to 17.57 for thw
5:1 pressure ratio cycle and froa 28.5" to 187 for a pressure retic
of 10:1.
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H5elele 2 Effcct con Cutput

T dLainution in the power output of the cycle duc t
ocnponent cfficiencics is of couparcble sisze to the diminution in cycle
efficicncy, Az in theidecl cose, however, the maximmua temperature of the
cycle is of major importence in definin, the work output, At & pressur
ratio of 5:1 ond o waximus tempers.ture of 11009X the specific output is
105 BHP/lb/sec, instead of 155.5 BHP given by the ideal gycle. This
reduction awsountans to 32,57 is somevhnt bigger thon the reduction in
cycle efficiency under the swmec conditisns, which is 287, This is due
to the fuct thit inefilcieney in compression scons that, to obtain a
,iven pressurce ratio, the coupressor dclivery tenpercture must be higher
than when compressiom is iscntropic so that the fuel then required to
reise the temperaturc ef the air to o given maxinum is reduceds The £2ll
in cyole effioiency is conscquently nst so great ns the loss in output,
(The figures quoted may slightly ov.r caphasise this ef'lect because the

hange in cutput is nuguented cnd the chunee in efficicucy is reduced

to o swald extunt by the verietions in speciflic went clready considered,
However, at the snae time the efficicvncy of the cycle with losscs

assuwacs 27 of the fuel is unburnt and this increoscs the apporent chonge
in efficicncy.) The percentage loss in thrust of o cycle with fixed
pressure rotio inerooses both with deerconing wocimum temperrture, tnd, os
would be expected, with decrensing cuwpressor wnd turbine efficlencics.
Lt the swmae time the pressure ratio which gives optunum work for a given
aexiun temperature is reduceds

5elele3. Pressure ritics for zer. work

The latter cffccts ccn best be followed if the curves of
specific output are considered as cpproximately siuilir curves cil
cutting the axis of zero spcoific output ot o pressure mmtio of
approximetely 1 and again ot o pressurc rotic depending upon the
couponent efficiencics oand the maximua teuperaturcs The closer this
second pressure ratic is to 1 the lower is the naximun output and nlso the
pressure ratio at which that moxinwa occurs. The pressure rotio at’ which
the work output is zero can be derived fros the work cyuntion clready
uscd by considering the ense where £ll the work done in expunsion is
required for compression. Under thesc conditions

1} mech

! o = i o i"
kp pos [TSt Tut | = Xpair Lth = T1t]

Tog = Tay ,_(*‘) Yairr |

- -

and T3¢ = Tyt M 3,T3¢ X \J - R vwhere R = P3g
4 R Waa 1t

Using the snae kr;'s as before

'nﬂ‘_’l‘h'nﬁ = 0.21‘4. Ti¢ X [R0'265 -1 J
0.2/6 x 0.99 l- 1 _(%.)L'Mb "
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In Pigure 6. tnis value of 7 43. M3, is plotted against the pressure

ratio R for different values of T3¢ &ssuming Tq¢ = 288, Thus, if the

waximun temperature of the cycle is 9009 and the component efficiencies

both 0,80, work may be obtained from the cycle at pressure ratios up to

13:1 but if the product of the efficiencies falls below 0.32 no work

is obtainable at any pressure rctio, The pressure ratio for uzero work

decreases with decreasing maximum temperature and decreasing component

cfficiencies. Figure 6 also illustrates why, for any given values of M43,
M5, &nd T3g, the pesfomance of the cycle deteriorates more from

that of the ideal cycle at high pressure ratios than st low. The horizontal

lines shown are for M43 = 90% M3y = 32% ( nq3- nj, = 0.828) and for

the ideal cycle when 7113 =M L= 1004 ~t any giveén pressure ratio the

work output will increegé wit?. increasing M43 M from zero on the

appropriate temperature line to 80% (power turbine” efficiency) of that

of the ideal cycle when 743. Mgy, = 1. At & pressure rutio of 2 therefore

the output corresponding to mq3 = 90, M3, = 92 would be expected to be

a closer approximation to ideal cycle output than at a pressure ratio of

20 when the value of m43e M L for zero output is so much higher,

Figure 5(d) confirms tha'z sucg is the case.

S5¢telielie Iressure Ratios for Optimum Efficiency

Finally the form of the curves for cycle efficiency in Figure 5
can alzo be related in gener:l ierms to the information given in Figure 6.
For vhen losses occur in the components, the cyole cfficiency must become
zero at the sasne couditions of temperature and pressure ratio at which the
vork output is zero. Tris is not the case in the ideal cycle, for there as
the work tends to zero with increasing pressure ratio, &t conatant
maximua temperatuie,the cycle efficiency continues to increuse because
the heat to be added is also tending to zero. But when losses occur heat
has still to be added to the cycle to countcruct these losses, even at
conditions which give no work. The efficiency wikth which this heat is used
is then zero, It is clear, thercfore, that taere must be, for any given
values of m13 , n3, and T3¢ & value of pressurc ratio giving optimum
cycle cffioiency es well as onc giving optimum work output., The pres.ure
ratio for the former is always greater than that for the latter, a result
vhich is in agrecment with the conception that the introduction of losses
causes a bending over (or "wilting"; of the perfommence curves for the
ideal cycle, (Figures 5(a) and 5(b)) when it is remembered that the
output of the ideal cycle has a mexXimum at some finite pressure ratio
but the air stendard efficiency only rvaches its maximua at infinite
pressure rotio.

Flotted also in Figure 5(c) and 5(d) are the appropriate
curves for the most optimistic component efficiencies but with 15000k
maximum temperuture, They illustrate the large increcse in output
obtained by using high turbine temperatures, but also shows that at
constant pressure ratio as the temperntuie is incrcvescd the cycle
efficiency becomes almost indupendent of maximum temperature providing
that cowponent efiiciencies remain unchanged.

5¢1e5e crevable Trend of Coinponent Efficiencies with Pressure Ratio:
Polytropic Eft'iciencies

It is likely that as the pressure ratio of a type of
compre=sor is increased the adiabatic cfficicncy with which that
press. r- ratio is attained will decrcasc. It is probeble that the




mall stage, or polytroplic efricicnecy of type of  compressor wili &
pore indcpendent of pressure ratio than is th aiisbatic. This cfficicncy
N4, is defin d for a conpressor as

n [ B9 1r = T -1 n
. Y b
n-1
T

actuzl t Lipe 1T tul rati 1 { Ta \r id. P2\

a1 \r't1y

In expension thie polytropic efiicicney becomas

Ny T gy

Piguce 7 shows the voriation of adinbatic efficiency with
pressure ratio corrcsponding to coustant polytropic cfficiencies of
5% in coupression and exponsion. it a piressure ratio of 20:1 the
correspondin,, adiabatic cfiiciencics arc J6% and 894 respectively.
Theoretically, the risc in adiabatic cff'iciuncy of cxpansion with
an increase in the nuaber of turbine stuges, is as liiely to occur
as the fall in the adiabatic efficiency of compiession with incrvased
presswice ratio. In vractice secondary effects such as boundary laycr
thickening will wodify thesc results. However the assumption of constant
polytropic efiicicncy provides a way of aoproximeting to rcality when
it is too cumbcrsome to work with u range of adiabatic efliciencics.

Pigure 8 shows the variation of cefficiensy wnd specifiic
output with pressurv ratio for cyclis using polytropic cfiicicncies of
85% in compression and expansion. This figure for cxpansion covers both
coapressor and power turbines ¢nd is bosed on total heald conditions at
inlet 2nd stutic conditions at outlet, but a small leduction is made
from thc possible work to allow for the temper-turc cquivelent of the
leaving velocity. A coubusiion pressurc loss vurying between 2 und 4% of
the compressor delivery pressuie is also asswicd, Th2 curves fron
Pigure 5 for M43 = 82.58 M3, = 87% cnd My = 758, My, = 928 are
replotted and cxtended to provide coaparison with the r\.a&t; using
polytropic efricicncies. .3 would be expected the fommer curve provides
the closest agreement ot low pressure ratios and the latter ot pressurc
ratios approaching 20:1,

5.2 Effect of Heat Exchangc on the performence of the Cyele with Losses

The asswuption of $5% polytropic cfficicucy of cowponcats
provides a reasonable basis for a study oi' the cfiect of introducing
2 heot exchanger into the cyele, and such an assusption will, therefore
be made.

5.2.4. Pressurc Loss

The perfeet heat exchanger, assumced in paragreph 2 must now be
replaced by somcthing morv practical. Firstly, the passoage of the gas
through the body of the hect exchangur couses a loss in pressurc., A
given absolute loss is i inportunt in the hot exhaust gases than in
the coupressed air vs 1its infiluence upon the effcctive preassure ratio
across the expansion is so awuch greators In this investigation therefore,
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a hcat exchenger will be assumcd to cause a loss of 1 1b./sq.in,
pressure in the exhaust gas, thus increasing the back pressure

of the turbines by this amount. The loss of pressure in the compressed
air will be regerded as part of the combustion pressure loss.

5.2.2, Thenuel Ratio

A practical exchanger is not capable of sarrying out the
cumplete cxchange of hert between turbine cxhaust gases and couprcessed
air, A hezt exchenger cfficicncy or Therral Ratio must therefore be
assuncd and this is usually defined by

Thornol Ratio = Temperature hise in Compressed air
Original Temperature Difference between Gas & Alr

A nore cxact definition would use changes in Totol Heat, in
which case it would bc unnecessary to state whether the actual change
occurs in thc conpressed air or in the cxhfust gos, Using tuauper. ture :
changes, as is the caamon practice it is necessary to state in which
medium the actual change is meesured, becrusc of the differcnces in
specific heat between the two media due to the presence of products of
cambustion in the exhaust gas. A thcrmal ratio of 75% should be attainable
in practicc using o contra-flow design of hcat exchangcer,

5¢2.3. Results

Claims of higher thermal ratio and lower preasure drop are made
for ccrtain cxperimental designs of exchonger, but the figures quoted,
75% and 1 1b/sq.in.loss, will serve to illustratc the practicel possibilitis
of the cycle with heat oxchange, and these are used in presenting Figure 9.
The influence of the heat exchanger is sizilar at all three meximum
teinperatures considered, so the velucs for 1000°K may be teken as typicol.
The pressure loss in the hcat exchanger reduces the specific output of
the 5:1 pressure ratio cyclec from 72,5 BHP/1lb/scc. which was the optimum
for the simple cyole at 1000°K to 63 BHE/lb/sec. The optimum output of
the heet oxchanger cycle, however, occurs at 6:1 pressure ratio and is
6l BHP/1b/sec. The¢ cycle cfficicnecy which previously wes at a maxitum of
23.2% at 10:1 pressure ratio, has now, with the aduition of a heat
exchanger of' 754 thermal ratio an optimua of 27.5% at a pressure ratio of
Just below 4:1. At this pressure ratio the output of the cycle with heat
cxchange is 61 BHE/1b/scc, which is the samc a8 the plain cycle output
at 10:1 pressure rotio, Summarising we may compare the cycles with and
without heat exohanger at their respective optima. for both efficicnoy
and output, and tebulate the results us under

Maorinws Tempermture 1000°K,  Polytropic Component fifficiecncies = 85%
7ithout iicat Exchun_gu w«ith Heat Exchenge [

0ot isawa Efficiency 23.2% 27.5%
Cycle OQutput ; 61 BHP/1b/sco 61 «HP/1b/scc
Efficioncy Prossure Ratiq - 1021 3.8:1
Optimua Output ) 72 .UHP/l sca 610- BIT/]. S€C,
Speciflic Efiicicney 20, 5: 25495
Output Prussure ‘Rati¢ 5:1 6:1
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study of the ideal cycle,
ives higher

ad that these
r.re confirmed

zined froin thx
<changer is that it g
without its use,
ratio:

Tnus the iapressions ¢

that the main adw niLge of a heat
cycle efficiencics than are obtainable
cfficiencics are associated with low cycle presasurt
in proctice, although the aagnitude of the adventoges is reduced.

ieat Exchanger ‘ressure Loss

Effect of

In Figure 10 the influcnce of varyin, thermal retios upon the

efficicacy of o cycle with typical losscs is shown Tor the single

cuse when the inxuaw taspest tuce is 1000°K und will be discussed in the

followang poragraph. In this figure however the difference between the

values on the two curves, shiowing suspectively the performence of the

proctical eycle wita no heat cxelvnger und with o heat exchenger of

zZewo theruel intio represcats the loss in cycle ciriciency cousced by
loss off 1 lo/s3.in, reducing the specific

retio of uil thw cycle efficiency

5e2elie

the hest exchiuiger pressur
output of thc cycle., &t & pressusc
is reduced by this loss from 23% to 20,5% In ifigurcs Y and 10 the curves
for the cycle with loss.s but without heat uxchanger show sero wificicncy
ot o pressure retio of approxiietely 1.1 as it is not until this prussurc
retio is excceeded that thc amnll absolute lossus assumed (conbustion
chanber pressure loss and leaving velocity loss) erc overcose cnd tiw
work output bucoics positive, The adaitional loss in the heat exchanger
zéro at a pressure

causcs the cfficicncy of the modificd cyclu to b
efaiciencies of' the main caoaponents

ratio apuroximntely 1,25, if th
assuwaed are still consideacd volid at suweh low pressure ratios.

gfiect of Themmul juitio
Butween this latter pressurc ratio and that at waich & heat
cxchanger becones incfiective due to the tunpersturesof the exhaust

ges and compressed air being cgual, en improvement in themaal retio
results in an improvement in cyecle cffioiency., The improvencnts only

|
beoonk attractive, however, when the ther.al ratio is between 759 2nd
ratio of 3:1 an iwprovament of therael rotio from
.

100&. At a pressure  xo
75% to 100% causes &s big an increnent in cycle ef'ficicncy as does n

changc from 0 to 754

54245,

cycle oocurs nt successively

The optimu cfiiciency of tix

lower pressurv ratios as the themwal rmtio of the heat cxchonger is

increascd, The performamnce for 100% thicrmzl ratio, s aight be expected,

tends to that or the ideal cycle withh heat cachunge morce consistently

than docs the performmnce with less cfricient excaengers and at 1003

) therminl ratio the optiawa efiicicncy occurs at a pressurce ratio of
2:1. This optinmum efficienc; however, is associcted with very low values

of specific output which a3 shown i Figure 9 falls off sharply at

pressure ratios below 3:1.
It is obvious, thereforc, tait by using pressure retios of
3 or & to 1 a compromise cin be struck so that o heat exchanger ctuscs
a reasonable luoproveuent in cycle cfiicicncy, witnout causing too big a
£all in output., It is clso clear, from figure 10, that the themanl retio |
of the exchanger iust be yreater than 60% before the optimum cycle

efficiency bucouca groater than the optimea obtaineble without = hect

exchenger in the cycle, Improveuents in therazl rrtio zbove this

value piy an ever increesing dividend in temas of iwproved cycle

efficiency,
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5.3 Effeot of :chect end Inturcooling

It has been shown thit the influunce of a heat exchanger on a
oycle with lossca is simiicr to thet which o study of its influence on
the ideel cycle loads one to uxupect, but to o modified extent.

It is now of inturcst to invustigeate whether rchecting o
intercooling have the smae type of influcnec on thu performance of a
practical engi.uve as on the iderl cyclu. wo do this it is neceassury to
study the ideal cycle in @ little .o.¢ detail than before. rrom Pigure
2 it appcars that the incruavnta in outyut ciused by introducing
intercooling into th. idecl cycle for a iven tudper..ture snu pressurc
ratio is wdweys less thon thot ctused by reheiting, buth incrascnts being
swaller than the faprov-munt grined by using the two modifiications in
oonjunction =nd that the cycle erfricivnzy decrcasvs as the output is
increcsvd by the nodificotions. Thuis dous not hold, howuver, over the
wholc of the renge of prossure ratio in which it is possible to obtain
work from the cycle.

5.3.1. Idcal Cycle

rigure 11 shows the viriation of work output and effioiency
for the four tyg s of idezl cycle over their caaplete range of pressure
rutic., The low toape. ature retio of 2 is chosen so that the pressurc
ratios are ruasonnbly smell, but the figure is typicel for all tucpor:i.ture
ratios. abovi thc prissurn. ratio at which the simple cycle gives zero
work inturcooling is found to give wore work than reheeting and still
yields e grector ecyecle ¢fficiency tion rcheat, although the cycle
efficiencies of both decrcase with increasing pressurc rotio. It would be

E]
4
«
4
?
H
H
3
:

futile to opercte the perfect cyclu under the conditions when int.rcooling

yiclds mo:e work then rehect, &s woiv work and haghur efriciencics can
be obtiinvd at lower pressure retios. -woreover the intcrcootied cycle
would revquire work to bu donc to vxhaust the ges, whilst the reheat
cycle would require cocliig tnd not hecting to tike place betwcen the
gompresaion and cxpansion.

5.3.2. Cycle with Lossus

In the cycle with losses (Figure 12), however, the pressure
retio above which the output #ith int<rcooling exce«ds thet with reheat

5p o

B et

is much lower. From figurc 12(b) it is scen to be about 1241 whercas in tho

1deal oycle for the temperaturc of 1100°K nssumed hure. the change over
would not occur until a pressurv ratio of 110:1. idorvover in the range
of pressurc ratio from 12:1 to the .oximum ,lotted (20:1) the output
from the intercoolud cyele is apyruoinbly grester than the optiaum
gbtainablc fram the plain cycle end the cfficicncy too is slightly
higher. Rcheating is cssumed to retuin the gas to its naximum tempercture
and intuvrcooling to cool it to & proxink.toly its original inlet
temperature,

it hes been noted previousiy that the greatir the roange of
pressurv ratio over which a cycle opereies ideally, the less drestic
are the effects causcd by losscs introduced into the cycle. The prusent
comparison of rouecting ind inter-cooling cp.ears to be further
oonfiruation of this fuct, Ideally the inturcooled cycle for 1100°K

T YT R

maximum twaprinture and 288°K inl.t temp. ratuce gives work over a rauge of

pressure retio up to 800:1 and the ivheat cycle to 350:1. With the
assuaption of 858 polytropic efficiencivs of oomponents ard smell
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absolute pressure losses in intercoolers, ca.cbustion chambers etc. th
work output of the cycles beco.es zero at approximate pressure ratios of
200:1 and €0:1 respectively. This represcnts a proportionally larger
change in the rcheat cycle than in the intercooled one, and suggests that
the performance of the rcheat cycle at any inteimediate pressure atic
will be more efrected by the introduction of losses than will the
performance of tie intercocled cycle. Consequently although in an ideal
cycle reheating appears to be superior to intercooling as a method of
increasing the specific output of the cycle, when a more practical cycle
is introduced the advartages of reheat are greatly reduced and
intercooling appears a more attractive mcthod,

5¢3e3. reheat and Intercooling

The introduction of both reheating and intercooling
simltaneously, however, presents the most attractive possibilities.
Ideally the optinmum specific output of' the plain cycle and the air
standard efficiency obtained can be doubled by using icheat and
intercooling and squaring the overall pressure ratio of the cycle.
Pigures 12(a) and 12(b) show that this is also ap roximately tiue in
a practical cycle.

' The plain cycle shown has & maximum specific output of 95
'il{P/'lb/se‘c at a pressure ratio of about 6:1, The output of the cycle with
both reheat and intercooling is still increasing at a pressure ratio of
20:1 and will reach an optimum of nearly 130 BHEP/lb/sec at a pressure
ratio of about 50:1. The cycle efficiency at both optima is in the
neighbourhood of 27%.

5.3.4 Conditions for maximum output

As in the case of the ideal cycle so in the cycle with losses
the optimum work output for given pressurc ratio and temperwture limits
is obtdined if the tempexrature rise in cou.pression is equally divided
by the intercooler and/or the temperature drop in cxpension is equally
divided irp the poarts before and after reheat, Figure 12(a) and 12(b) show
the variation of this optimum output «ith pressure ratio and also the
cycle efficiency with which it may be obiained. At a pressure ratio of
8:1 the output with reheat is siightly higher than with intercooling,
both being approximately midway between the output of the plain cycle
and that of the cycle incorporating both modifications., The efficiency
of the olain cycle is higher than that of any of the other three cycles.
At a pressure ratio of 20;1, however, its efficiency is lower than ail
the others, its speoific output still being cunsiderably lower thun
that obtained by modifications,

Pressure Plain Cycle + deheat + Intercooling
Ratio

Spec | Cyole Spec Cycle Speo Cycle

Qutput | Effy, Qutput Effy, | Output Effy, 5

NE/1b/ X {EE1Y 4 B/ 1b/ 4 %‘ty—
sec

sSeQ palele]

23 25.0 116 14 259

53 108 116 27.0
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5.3.5. Conditions for liaximum Efficiency.

ihereas in an ideal cycle without a heat exchanger the
introduction of intercooling or reheat or both always causes a lpss in
cycle efficicney, when more practical cycles are considered it is possible
for the maxinum efiicicncy to be incrcased at certuin pressure ratios,
It is generally found that intercocling after about z or x of the
compression work has been done, or siuilarly reheating after about 3 or ¥
of the expansion work has been complcted gives the waximum efficierncy for
given pressure and tempeinture ratios. Figure512(c) and 12(d) indieate
the variation of this maximum efficiency with pressure ratio together
with the corresponding specific output. The maximum cycle efficiency is
from 1 to 4% higher than the efficiency at maximum output, but the
specific cutput at maximum efficiency may be over 20 BHP in 170 BHP
lower than the maximum obtainable,

5«3+ 6. Introduction of Heat Exchange

when a heat exchanger is introduced the optimum positions for
intercooling and reheating to give. maximum efficiency and output
respectively almost coineide. (In an ideal cycie they are coincident -
vara 2,L4.4,) Yigure 13 shows the performance of cycles with a heat
exchanger of 75% thermal xatio. Due to the additional pressure loss in
the exchanger the output is less than that of the corresponding cycle
without the exchanger. The cyole efficiency, however, is improved over
a wide range of pressure i:tio., Intercooling gives nigher efficiencies
than recheat but the best efficiencies or all arc obtained with both
intercooling and reheat in addition to the exchanger, With this latter
cycle an efficiency of 347 is obtainable between pressure ratios of 6
and 20 to 1, and this efficiency would of course be exceeded if the
thermal ratio werc hiyher or the couwponent losses were less.

5.3.7. Multiplicity of Intercool andi Reheat Stages

Since the introduction of one stage of reheat end one stage of
intercooling can double the optimwa output of a plain cycle, it is
logical to suppose that by increasing the number of reheat and inter-
cooling stages the output may be still further increesed, it being
realised that the optimum output occurs at ropidly increa.ing pressure
ratios as the number of stages is increased, The logiocal limit to this
process is the condition when cooling is continuous through the
compression and heating is continuous through the expansion, and both
processes are carriéd out isothermally.

Figure 14 shows the variation of the work output parameter

with pressure ratio for several stages of intecrcooling and reheat in the
ideal cycle and also the output parmseter for the ideal "isothemmal" cycle.

L3 R I e R e
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The tomperature ratio used is 3. The improvements in output nay b

swnnarised by guoting the valucs of the work outjut purmaster for ¢
pressure ratio of 20:1 with various cycles,

Plain G.y'cl“‘ mmeme U 575 (Optimun 0.535 at {:1)

+ 1 stage intercooling and rchoat - 1,040 )

Optima all occur at
pressure ratios

greater than

)

+ 2 stages intercoolingand reheat = 1,230 ;
+ 3 stages intercoolingand reheat - 1,360 ; 20:1

)

Isothernal compression and ¢xpansion - 1.715

To demonstrate taci these increments do not refer to the
surely theorctical performance of an ideal cycle, portions of two curves
from Figure 12(b) relating to the cycle with normal losscs are replotted
in pigure 14 In form and gosition thej approximate closcly to the
ideal cycle curves for the ranges of pressure ratio used, the difference
being, however, that the temperutu.c ratio off thc cycle with losses is
3.82 compared with 3 .for the ideal cycle so that the product of the
temperwture ratio and the expansion wnd caoupression efliciencies is
approximately the same in the two cycles.

5¢3.8., Zricsson Cyeclc

The efficienoies of the cycles just considered decrease with
the addition of further intercoolin, and rchrat stages if no heat
cxchanger is incorporated, The addition cf a purlectly efiicicnt hect
cxchanger has the opposite ceficet of increising the cycle efficicncy
until in. the limiting casc of isotherual caaycssion and cxponsion the
moximum possible efficiency is obteined. The cyele is now the same es
that suggested by Ericsson as a "constont pressurce" version of Stirling's
regemerative air-engine cycle, is all the extcrnal heat is taken in at
the maximum Lemperuture, Tz, and is rujocted at the miniian temperature

! T4 the air standurd effiicicney of such a cycle ~
= § - '_fl
T3

This is the efficiency wt:ainable by a roversisle engine and
is by Carnots- principle gieater thon that of any other heat-engine
working between the same tempe.ature liwitsy unless it too is reversible,

6,0 THE GAS TURBINE AS AN Acii0-ENGINE

as the gas turbine has first reached large scalc operation as
a power plant for aircraft, it is important to e¢xamine the special
featurcs of this type of application. Tne prescnt study is not concermed
viith more than passing iaterest in the light weight and siaplicity of this
type of engine, or in its smooth running cnd frecdom from serious
lubricating problems associuted with reciprocating ports, all of which have
contributed to its rapid develoucnt as an acro-cngine. Instead interest
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will be centred on the influence of this type of application upon the
performance of*the stationary engin.s so far considered, upcn the
present association betwesn gas turbines and pure jet-propelled high
speed flight, and upon the performanoe aspects of tae future development
of turbine-~driven propeller engines,

G.1 Speciel Lspects of Aircraft Applications

6.1.1, Forward Velocity

The most important influence upon the performance of turbine
engines in general, due to their use as aircraft power plants is the
precompression of' the air resulting from the aircraft's forward motion
which may be gained befors the air enters the compresso. proper, The
inlet pressure to the engine's campressor is no longer the static
pressure of the air, but the stagnation pressure corresponding to the
aircraft's velocity less any pressure loss incurred in drawing the air
from outside the aircraft to the front of the ocoup.essor. The consequence
is that the pressure ratio of the compressor required to achieve a given
overall pressure ratio decreases with increasing airoraft speed,

At the same time the temﬁemture of the air entering the
ooupressor is increased, but the efficiency of ths rem compression is
generally higher than that obtairable in a normal campressor, provided
that the intake is well designed, and for tie.time being, speeds in
excess of 600 m.p.h. are not conaidered, The work required to compress
the air through the latter stages of compiession to a given overall
pressurc ratio is therefore somewnat emaller if ths first stages are
carried out by ram compression rather than in the compressor of a
stationary engine; as tho temperatures throughout canpression are
reducsd.

VWiith a given maximum temperature and cverell pressure ratio,
the work available. in expansion is independent of forward speed, but the
proportion of this work required for compreasion is reduced by causing
the engine to move forward, mainly because the ram oompiession requircs
no turbine work, but also because of this small reduction in tie
temperutures in the oampressor proper., It is, of course, neoess.ry to
use some of the expansion work to expel the gas with a velooity at
least equal to the forward velocity of the engine. As the temperature
of the exhaust gas is greater than the inteke temperature, the
expulsion of the gas requires a lower pressure ratio than the ram
pressurs ratio oreated by the forward motion, and so there remains a
greater pressure ratio across the turbines then across the oompressor,
At a given overall pressure ratio and weximum temperature there is,
therefore, an inorease in the net work output per lb/sec. of mass
flow, as the forward speed is increased, and this is n.sponsxble for
an incredse in cycle efficisncy.

Figure 15 shows how the pressure ratio and temperature ratio
of perfeot "ram" compression due to airciaft speed vary with increasing
speed, Because the ratios are simple functions of the llach Number of the
aircreft¥,: twocadditional soales are added to show the true spced of the
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aircraft at sea level and in the stratosphere, It is clear that at
present-dsy aircraf't speeds of 500 - 600 m.p.h. the ram compression
ratio attainable (approx. 1.4) is small compared with that obtainable

at nigher supersonic flight speeds, At a Mach Number of 2, for example,
the rem pressure ratio which mignt be achieved is 8:1, although the
flight speed would only be about 3 times that giving the preseat typical
values of 1.4.

However, a ram rztio of 1,35 correaponding to 00 m.p.h. at
sea level, small though it is in comp:.rison with what mey ultimately
be attained, still has an appreciable effect on the performance of a
gas turbine, as may be seen from a comparison of the appropriate curves
in Figure 16. The canp.cssor pressure ratio required &t 500 m.p.h. to
give a certain specific output or efficiency is secn to be lower than
in the static condition, as would be expected. At the same time owing
to the fact that the ram canpression 1vquires no work from the turbine
higher specific output and efficiency arc obtainable at 500 m.p.h. than
at O m.p.h., even when comperison ia made at compreasor pressure ratios
giving thce same overall pressure ratio.

6.1,2, Altitude

Becausce of the freedom of an aircraft to fly at varying
altitudes, an acvro-gas-turbine is liable to experience a wide range
of inlet air temperature variation. If it is assumcd that the maximunm
tempernture permissuble in the engine is unaltered by altitude, then
the temperature ratio of the cycle will be increased by 33% in changing
from & sca level sir temperature of 288°K to an air temperaturc of
216.6°K at the I.C.a.N. tropopruse, Figure 16 shows that the effect
of altitude on the cycle performance is a coubination of the effcct of
changing temperuture retio (para. 5.1.4) with the effect that, at the
same pressure ratio and temperature retdp, the cycle work output tends
to be proportionel to the inlet temperature (cf. - the work parameter -
work/KpT4 in para 2,1). It hos been shown previously that the
performance of the ideal cycle of temperaturs ratio = 3 ap.roximates
to the performance of a practicel cycle such that the product of the
temperature rotio, expansion efficiency end compression efficiency is
also = 3. With the efficicncies ossumed her th:Ls means a cycle
operating at a maxinum temperaturc of about 1100% under sca level
stotic conditions. Similarly the ideal cycle of temporeture ratio = 4
approximates to the proctical cycle of maximum temperature = 11009
when the inlet temperature is reduced to that of the tropopause.
Figure 2 (b) shows thut for the ideal cycle at u typical pressure
ratio of 10:1, the work output parameter would be spproximately
doubled in increasing the temperstuie matio from 3 to 4 However, if
this is done by decreasing the inlet tempernture to 4 of its original
velue the increase in actual work lb/sco mass flow will only be 50%,
because actual work is progortional to the paramcter umltiplicd by the
inlet temperature. In the practical cycle of 10:1 pressur: ratio
(Figure 16) the specific output at thetropopause is in fact 528 higher
than the specific output at sca level, the actual outputs being
dependent, of course, on the rutio of the mass flows in the two
conditiona.




6.2 Methods of Propulsion

So far the gas turbine enginc has been considered solely as a
means of obtaining & certsin amount of power, expressed as B.H.P. per 1lb
ol' air flowing j second, at a cestain efficiency in the use of its fuel.
Now that the turbine engine is being considered as an aircraft power
plant it becowes necessary to consider the different ways in which the
power available may be used to drive the aireraft along, In all forms of
"aircraft propulsion, the force driving the aircraft forward is equal and
opposite to the force with which a worki:, substance (air, except in the
case of rockets) is drivea backwards., Luch a force is proporticnal to
tue rate at waich the backward .omentwa o' the working subatonce is being
changed. The problem resolves itself, therefore, into a study of the
different means of accelerating vorying masses of cir rearwerds past or
through the aircraft, with a view fo finding thc .ost efficiency method of
mploying the available power under porticular conditiuns.

6.2.1 Thrust

The propulsive force, or thrust, of & device which when moving
forward at a velocity Va, tckes in a mass M of working substance per unit
time and then ejects it at a velocity Vy relative to itself in the
opposite direction to Va is, therefore, proportional to M(Vy - V,) and
the thrust horscpower of the device is proportional to MVn( 3 = Vo)

6.2,2 Propulaive bfficiency.

The efficiency of propulsion of such a device is the ratio of
the thrust horsepower generated to the horscpower added to the air by the
engine :nd available for propulsion. £s the latter, which we may call the
air horsepower is proportional to (Vy ¢ - Va 2) 80 long as the gas has
no velocity other than Vywhen it leaves the devicc and there are no
losses, the propulsive efficiency Mp may be cxpressed, for these ideal
conditions a3 :-

TlP=Wn(V 'va.) ZVa
2‘” (VJ = VQ ) vJ + v!l

These cquations also ignore the fact that in some cases a small
increese in mass occurs during the pesssge ol the working fluid, air,
through the engine due to {fluel being added.

It will be noted that thc propulsive efficiency is unity when
Va = VJ but at this condition the thrust is eero, the H.P. absorbed
being zerc too. Alternatively if the air horsepower is finite, maximum
propulsive efficiency ccn only be obtained if the mnss flow of' the
device becancs infinitely large thus allowing the increasc in velocity
(Vy - Vo) to be infinitely small,

If a hypothetical exsmple of & device absorbing constent H.P.
indepandent of foiward speed is considered then the vuriation of thrust
obtained at different forward speeds by employing an increasing mess
flow through the device would be as shown in Figure 17 (a). This figure
shows that with a perfect propulsive device, an increase in thrust per
availablec HoP. at a given flight speed onn always be obtained by
increasing the .oss flow of the device, but tnat the incremse becomes
increcsingly slight at nigh forwsrd speeds,

»
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Supposing, howev.r, that the effectiv: leaving velocity. of the
ges is only 90% of its idecally attzineble value, the results, as shown
in fgure 17 (b), lecd to a different conclusion. The advantages of using
large moss flows at low forwarl spe:ds are =till ap arcnt, but at a
forward syced of 1000 f.p.s. (682 wepeh.) the saximum thrust is obtained
when the unss flow is cbout 251b/sec, per 1000 H.P. and at higher
forwand spceds the ostiiuwn ess flo. ripidly becowts saaller, Tk.w figure
of 907 for th. rztio of th. uffcctive 2nd idusl leavin, velocities is
purcly arbitrery, 4 high:r ratio wouli have siovn higher optimum valucs
of mass flow and thrust, and o lovi.. rutio lower values, The reasons why
the idcal leaving v-elocity oy not be attained are many and varied and
includo

1. Jrictionsl losses in thu device

2, Frictiont:l losgu:gs butween the air and the device

3. Losses due to turbulencu in ti air strean ’

4 The prescnce of rot.tion in the cirstream or of a component
of the leaving velocity ut right angles to the flight path,

5 The impossibility of inperting a constent velocity to the
wnole of thu nlsse

6.2.3. propcllers

A propcller is a propulsive device waich employs a relatively
lerge mass of a1r to create 1ts thrust. It is subject in soawe measure
to all the forus of loss just enumerated cnd is therefore essentially
for usc at relatively low flight specids, where it is considerably more
effcetive than a device employing smcller we.ss flowas. bloreover, the
large increascs in losses which nae ¢ncountered with propeliers at their
present stuge o devilowicnt, wikln tue flight speed approeches the
velocity of sound, tend to restrict the use of propellers still further
to subsonic flipht speeds,

6.2,4. Jot Propulsion, ,

The term jet propulsion is herc used in & limited sense to
describe propulsion by the exhoust gases of an engine, and in particular
of a ges turbine, «ith such « means of propulsion the mass flow of gas
per .H.P. is considerubly saicller thon with a propeller, Jet propulsion
is tiervfore n vory unsatisfoctory way of using the cavailable power of
an enginc at low flight specds and especially during the tuke-off of an
aireraft, 1t is only vhen high flaght s xeds are used thut it becunes niore
efficiint to uagloy the ralotively low moss flows typical of jet
propulsion, than the high wmuss flows of a prepueller, The Jossus incurred ..
in producing a high wvulocity jut are gencerally lower than those incurred
in extracting powcr irom the engine and trunsmitting it to tiwe aix
passing through a propellcr, as the only wuportant source of loss is the
skin friotion between the gas and the jet-pipe,
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6. 2.5, Ducted Fans

A ducted fan may be regorded s a multi-bladed propeller
installed in a duct, and its cheracteristics frou the view-point of this
siomentwa Theory arc, therefore, those of & propeller, o ducted fan hos a
possible advantage over a propcller in that the losses involved in
achieving high flight speeds may be smaller, but this appears to be an
irprofitable line of development as it leads to flight specds ut vhich
it is more eflicient to usc smaller mass flows., st &ll flight speeds the
comparison of the relative advantages of propellers and duoted fens is a
matter of design, weight and ae.odynamic drog, as well as of implicit
performance characteristics.

6,3 Gas Turbince and Jet Propulsion

A gos turbine is eminently suitable for use in high apeed jet
propelled flight from specds of 500 m.p.he up to and over 100Q m, p.h,
because the mass of air riequired for the turbine cen be used directly
in the jet, and, by & suitable choice of pressure mtio, it can be made
to cpproximate closcly to the optinmua wass flow on which the power
output of the engine should be expended to give maximum thrust st flight
speeds of this order,

6.3.1, Output in Tenas of Thrust

The gas turbine cycle output may be reconsidercd, therefore,
in tems of the thrust produced per 1b./sec of airflow at various speeds
rother thon of specific BHP, then this is done the results shovm in
Figure 18(f) arc obtained for a maximum tesper.ture of 1100°K, speeds up

to 1500 m.p.h. being considered. By modification rigure 17(a) cen be
replotted as Pigure 18(d) to show the relationship of specific thrust
to the air HP cbsorbed per 1b./seo moss flow of tiw propulsive davice.
In the casc of jet propulsion this latter is egqual to the spucific HP
which the gas turbine provides for propulsion, os the wass flows through
the engine and the propulsive device ar: equel,

Tuc specific HP which yields tho specific thrust plotted in
Figure 18(f) is shown in tigure 18(b). The HP at 2 given spced and pressure
retio is seen to be higher than that given in Pigure 16, and this
illustrates the effcct of eliminating the losses incurred in a power
turbine and replacing them by the smaller losses incurred in an average
Jet pipe. The values shown refer to an expansion efficicncy of 88 across
the power turbine and the jut, in the results of Migure 16 and an
expansion efficiency of 95% across thnc jet for the pure jet propulsion
case (Figure 18(b)). If should be noted furtherthat thc whole of the
power output shown in figure 18 (b) is employcd in doing useful
propulsive work,:butsthat before useful propulsive work may be obtained
from the output of & power turbine, further losses due to friction or
airstrcam rotation must be incwrred in a propeller or a ducted fan,

6.3.2, Discussion of Variations in Specific Thrust

The values plotted in Figure 18 refer.only to a maximum
temperature of 1100°K, and represent the attainable output and efficicncy
of the cycle with reusonnble cosponent c¢fficiencies, ¥or supersonic flight
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pecds the intake losscs nssumed ore those waich would occur in a normnl
shock weve. It is possible thot by Jdesigning ~n intske to give obliqu
nock wnves these losscs may be reduced, so that the high - specd
performance given herc is in no woy optimistic.

The waxinmum valuce of specific output provided by the enginc
for propulsion hos been shown in paragraph 6.1.1. to occur at decrecsing
velues of compressor prossure rotio = the forwerd speed is increascd,
Figurc 18 shows that undir the tesperature conditions essuaed when the
forward specd reucacs between 1000 ond 1500 me p.he the optimua cutput
occurs at a compressor gressure mmtie of 1, i.c. when there is no
couprussor or turbine and the cngine bucaivs a propulsive duct, or ram
jote The waximum output folls of £ above 1000m. oohe due to the incruase
in thc intake losscs.

The specific thrust yielded by the engine mid Jjut varies with
pressure mtio in nuch the scunc way as the HP of the e¢ngine, in that
1t a given speed naximum thrust occurs ot the same cyele pressure ratio
&s maxirum HP, for it con be seen from Figure 18(d) that ot constant
forword specd an increasc in HP clways yields an incresse in thrust.
Figurc 18 (d) =lso shows, however thoet the speeific thrust corresponding
to a given specific output decreages ripidly with forward specds
Consvquently tiough the optifiuws output of the gas turbine cycle may and
does incrcasc with inereasing forwnrd speed the optimuwa valucs of thrust
given vhen this output is used in a propulsive jet, decreasc with forward
spceds So, although 61.5 1bs, thrust/lb/sce. umss flow moy be obtained
from ¢ stationary gas - turbine jet engine of 7.1 pressurc ratio, at
1000 1w, p.he 33.5 lb/lb/scc. is the maxinmua obtuinable, This occurs at a
pressure ratio of 3.1 where the specific output of the turbine moving at
1000 m.p.h. is about 10,; grecter thon the optimwa output of the stationary
turbine,

66343 Discussion of Varictions in Overall bfficicncy

The over:ll efficiency of' a turbinc - Jet cngine is the rotio
of the useful propulsive work donc by the jet to the heat cnergy supplicd
in the gas turbine, It is, therefory,the product of the cycle efficicncy
of the ges turbine anmd the propulsive efticicncy of the Jet, and is
conscquently only definabie when the engine has o forwerd velocity as
othu:wisce the propulsive eft'iciency is zero. The optimum cycle efficiency
of the turbine like the optirmun output, occurs at lower compressor
pressure ratios as thedrward specd increases. These ratios are, however,
grenter than the corresponding pressurc rotios for awaxiawa works The
waximus cycle efficiency also incrusscs with increesing specd until the
intoake losscs become too great, ai'ter which the meximum cycle cfficiency
falls ogain.

~

Pigure 18(e), which is o different fona of Figure 18(d) shows
that the propulsive efficicncy with which a giv.n power supplied to the
Jjet can be used increases with forward specd. In consequence, the
maximum over2ll efficicncics of the turbine and jet together continue
to increasc even when the turbine cycle efficiency has begun to fall,
Thus a maximum overall efficicncy of 28.5% is cttainable ot 1500 mep.h.,
campared with 26,58 at 1000 m, p.h. or 17.5% at 500 m.p.h, The compressor
pressure rotios corrcsponding to thesc moxime arc 3,6 and 16
reapectively.
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6. 3.4 Propulsive Ducts

It is of intcrest to note that at 1500 m.p.h. a propulsive
duct might obtain en overnll efficiuncy of 23% which is only 2 liktle
lower than that of the 3.1. pressure ratio cyclc and at the same time
would heve a specific thrust 258 greeter then the engine inecorporating
2 3.1 pressurc ratio compressor. The eliminetion of the turbine nezns
further, that the maximua permisseble taaperature of tae cycle may be
raised above the maxirmm for & turbine, snd would result in even higher
values of specific thrust.

6.3.5, Effeet of Chenges in Maximum Teaperature

The tempereture of 1100°K should not, howcver, be regarded as
the maxinum tcmperature at which a turbine way operate. By the development
of better high tenpernture materials, or of schemes for cooling turbine
blades and dises, higher tempersturce will be proactiecble, Figure 19 shows
a comparigon between the performence of the pragtical eyeles opercting at
sua level with the moximum tempercturcs of 1400%K and 1100°K respectively.
It is assumed that the turbine efficiceney is not reduccd at the higher
opcrating temperatures and that if blede cooling is employed it is done
without the usc¢ of air from the compressor, By the inerease in teapcroturo
considered the optimun specific thrust cin bo increased from 61,5 1lb/lb/sec
to 82,5 1b/1b/scc ( 34%) at O.mep.h. 2nd from 23.5 1b/lb/sec to 38 1b/lb/scc
(62%) at 1500 m.p.h. with intermedicte percentage increascs at intermediate
speeds, The corresponding percentege increuscs in the specifiec HP of the
engine arc actually greater than thusc, for, as can be seen from Figure 18{)
o given percentage inercosoin HP always results in & lower percentage
incrcase in thrust at a given specd, though the differcnoe deorvascs as
the forward spped is inercased.

The moximum overall efficiency is also increesced by incruasing
the meximm temperature of the cyele, but occurs &t higher pressure
ratios. it relatively low pressure ratios the overall effiecicney for
a tcmperature of 1400°K may in fact by 1 or 2% lower than the
corresponding cfficiency for 1100°K. This is causcd by lower propulsive
efficiency at 14009K assuming pressure ratio and flight speed constant.

6.3.6. Eftect of Changes in .ltitude

The effcot of chenges in altitude is summerised in Figure 20
which shows thc performance of the gas turbinc - jet cycle for 1100°K, at
the tropopause and at sca level. The effcets can be secn to follow
direotly from the influence of altitude on the gas turbinc's pexformance
discussed in Para, 6.1.2. and the modifying influence of the jet, just
discussed, in that percentage increases in thrust are smaller than the
corresponding inorvases in BHP supplicd by the engine.

6.4 Propeller - Turbine Engines

At aircraft specds of about 400 m.p.h. & propeller may be
expected to give a propulsive cfficiency in the neighbourhood of 80%k,
which Figure 18(0) shows to bc approximately double that of & simple jet
at the same spced. Fven ellowing for the loss of HP from the engine dus
to the losses in & power turbine, it is olear that &t these aireraft
speeds o gas turbinoe driving & propeller is considerably more efficient
than a gas turbine expending its power in a propulsive jet.
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This do¢a not N, however, thet it would alwnys be izore oce-
nomical to vmploy £ propelicr turbine at these speeds. The range of the
vireraft nas to be great cnough for the saving of fucl weight duc to th
grecter efficicney of the propdller cngine to outweigh tic extra weight
of the power plant duc to the power turbine, geering, propeller ond tix
like. The influence of design cheracteristica upon the plent woight of
tiic two types of cngine required to give the smue thrust at o given soccd
ankes tho problem & complic:.ted one, and puts it beyond the scope of th
preaent work. Fnougn hrs boon said, however, to woke it apparent that
the rmngesbelow which the totsl plunt cnd fucl weigat of a simple turbine
jet engine 1s less then thoat of a gropcller turbine engines lacrobscs
ropidly ¢s the specd ot which the sireraft is nssumed to fly is incrcascd.
rurther as on ancreesc in,operationtl hoignt is likely to ctuse an
apprecioble reduction in the cfiicicney of & propeller beccuse the iach
Nusber corrusponding to a constint forwrrd speed is increased, it is to Lo
cxpected thot such an inervasc in eltitude will swing the cowputrison in
favour of the jet.

6.5 Choice of Engincs for Diffcivnt Jutivs

The preceding coaparison of simple jet and propeller turbine
engines shows thet both plont and fuel weight must boe cansidered beforc
an cngine is chosen as the most suitable for o spucified duty. Mony facters
cantribute to the coaplexity of the problem even vhen the type of aircraft
end the desirvd ringe ore kaown. A heat exchonger ia known to be cupable
of improving the efficicncy of a particular engine but if the weight of
the exchanger is excessive the soving in ruel weaght will be outbalanced
at all except cxtrviaely long ranges. Or again, azlthough extra thrust noy
be obtained by incorporating rchecting or intercooling. in &n engine, the
question must be answeicd as to whether the increese In plent weight
night not have boen better uscd in inereasing the pressure roctio of the
simpler engine.

Even so a comperison of c¢ngines on o plont and fuel weight busis
is not completely adequete, The drag cocfficient of the airor=ft way be
greater with onc type of engine than with cnother due to larger nacelles or
excrescunces caused by air coolers end the like. The structure weight of an
aircraft aay also be affcveted by the type of engine caployed, for example
a larger under-carriage is of ten reguired for oo propeller cngine than for
a Jet engine in order to get sufiiciunt ground clearance. The space
availeble in an aireraft mey sdso be 2n usportent factor influencing the
choice, in which cnrsc the adventage of & low plant weight and higher fucl
weight is reduced, a&s the fucl occupices iuch more space than would the
sunie weight of engine. If fuel costs ar. an important considerntion a
sinilar ergument will zpply.

Finally, mcntion must be mode of the various yerdsticks by
‘Which the suitebility of different engine - circrnft caabinations for o
certain duty mey be judgede Comperison ey dbe mede between the
perecentege of the pryload to the ell - up weight in the differvnt cases,
or between the product of this percentage pnyload ond the averngo speed
of flight, when allowsnce ady or mey not be made for the time token in
londing nnd unloitding. Considerations of serviceability end reliability
liec over ani cbove all thesc,
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Military requirements arc often much different from ei¥il ones.
4 bomber sireruft presents o diffcerent problem from 2 eivil trznsport
plrne of equal weight and poyload at take off and having equal range, for
the bamber drops its "payload® half-wey through its flight and is not
likely to cneounter such high landing wing-lotdings as will e loaded
eivil plone,

In comsiderntion of tnese voarious foctors it is not possible to
state hard and fost rules regarding the tye of turbine engine best
suited to o pertieular duty, but from the foregoing o few general
conclusions regerding the proboble ehoiec miay be dravn,

6.5.1, Fipghter Aircroft

For & small high-speed airercft of the fizhter type it appeurs
thut a simple jet turbine engine is most suitcble, becausc of the
superiority of the jet us o menns of propulsion at the speeds ot which
the sireraft would be expeeted to fly. The pressure ratio of the compressor
(sen level statio) will remain small, probably below 4:1, in oxder to
npproximate to optimum speeifie thrust eonditicns at speeds of 600 mepahe -
cnd over whilst still keeping the plant weight small. As improvements in
cirorcft design moke it possible to cciiieve supersonie speeds, the
fighter anirernft's engine may beeowe simply o propulsive duct, though
such o seheme would involve the use of some additionel power supply,such
s o roekctyto aececlexnte the plame to speeds at whieh the dued vould
operate effeetively, Some form of rocket motor appears to be the only
serious rival to the jet-turbine or the duet as an engine for this type
of aircraft.

6.5.2, Bomber Aircraft

At first sight propeller-turbine engines would seem the best
engines for a bauber aircraft as their lower fuel eonsumption, eompared
with jet-turbines, would enable greater striking renge to be obtained,
However if high speed is also demanded of a bomber a jet-turbine ray be
more suitable provided thet there is suffieient power available at the
take-off to lift a large military load. Some form of boosting or
assisted take-off may be neoessary.

6.5.3. Civil Passenger and rreight aircraft.

For serv¥iees operating on ranges below 1000 miles and where
there is a plentiful supply of passengers or freight demanding rapid
tranaport, a jet-turbine engine may prove to be superior to any other <
type of engine’for civil aireraft, as its light weight will permit a
greater percentage payload, than would propeller engines. For ranges of
2000 miles and above, the propeller turbine engine seores because of its
greater efficiency. 4s there is not likely to be a demand for excessive
speeds from transport aircraft, the propeller should eontinue to be the
most efficient means of propulsion under the required conditions.

. Because of the weight involved it scems unlikely that sea
level statio pressure ratios greater than 8:1 will be employed in aero-
gas-turbines, because even with turbine teaperutures of 1400°K, little
or no improvement in specifie output is attainable by inorcasing the
pressure ratio above this value,
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The introduction of rehcating or of intercooling altiaough
edding & furtner component does not neccess.rily incicase the weight of
engine required to give & fixed power, for the output per lb/sec of
throughput is incrcasedand a smaller mass flow may be used thus giving
smaller and lighter components. Reheating could probably be made to
involve a gsaaller increase in weight than intercooling, but would also
result in a big.er drop in overall efiiciency.

A heat exchanger in addition to being, at its present state of
development, a heavy component,reducas rutner than increases the specific
output of an engine, so that it increascs the size of engine required to
give a certain power. In compensation, the iicat exchanger improves the
efficiency of the engine end so reduces fucl weight end fuel cost and
increases goods stowage space,

A propeller turbine engine fitted with a heat exchanger should,
therefore, be a suitable engine for a civil trunsport aircraft operuting
on trans-ocean ranges of the order of 3000 miles, If, further, the plant 3
weight to power ratio cen be reduced by the incorporation also of ’
reheating, the range above which this type of engine then becomes most
profitable can also bec raduced.

Only e comprehensive study of c¢ngine and airceraf't design, of
aircref’t power requircuments and engine weight anulysis, can yield
quantitative ansvicrs to the gquestions arising over the choioe of engine
for a particuler aircraf't application, the conclusions drawn avove being,
merely, general oncs bascd on the fundcunent:dl aspects of the problem,

PERFORMANCE Oi' A TURBINE ENGINE AT CONDITICNG OTHER THAN DESIGN

Scctions 5 and 6 of this rvport have been given over to a study
of the perfommance of turbine engines alvays operating at their design
piressure ratio and mwaximum temperature. Conparisons which have been nade,
for example between sea level and tropopause performanoe have becen
comparisons betwcen different engines having siailor component efficicncies
designed to give the same pressure ratiio under the differing conditionss
It remains necessary, therefore, to consider how the perfomance of a
paiticular engine is influenced by changes in operating conditions. These ?
changes can be grouped under two headings,

1. Changes in altitude ama forward specd at canstant engine rotational
speed,

2. Changes in engine rotational speed,

Some generalisaticns must be wade in order that the essential
features of the changes in performance are not confused by secondary
effects, Moreover the discussion will be confined to a simple engine
with no rcheat, intercooling or heat cxchanger, and consisting oi a
singlc rotor mounting the coupressor and its turbine. In gencral the
results will be expresscd in texms of the thrust given by a propulsive
Jet, but this cun be related to the horsepower available in a power turbine
application,
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7.1 2Yerformance ut Constent cngine Rotationul Speed

The work done by £ typical present day compressor, centrifugal
or axial, per 1lb, of air flowing per. sec., a meesure of which is given
by the total head tempersture rise in the compressor, can be regarded as
approximately proportionr.l to the square of the rotationsl speed
regardless of entry conditions. At constant rot:tional speed thercfore
the tempersture rise in the compressor is opproximetely conastant. The
pressure ratio is, in conseguence, Punction oi' the total head
temperature at inlet to the compressor, and as a result, the pressure
ratio decrevagses with incivasing forward speed, but increases with
altitude. The table beclow indicntes this variation in pressure retio for
o polytropic efficiency of 67% and = apecific heat of 0.241, The pressure
rotio quoted allows for & loss of prussure in the combustion chamber. A
valuc of 2 1b/sq.in. is cssumed for the sea level static conditiors, =nd
this is tuken to be proportion:l to the totel hend pressure at inlet to
the compressor in order to ausow for tihe considercbly higher abaolute
prussurcs in the chamber at high forward specds snd the lower prvssures
occurring ot altitude,

"Comprcauor | Compressor Pressure Ratio (includine combustion pressure loss
Tempernture Sea level i 36,000 feet

Risc = °C [0 M.P.HJ 500 [1000 | 1500 (0. ILP.HJ 500 1000 {1500

]

M, PoH, | M, P, Ha} bi, P, He Mo P [ie| M, P Ha {0 P I

90 2.46 | 2,031 1.76| 1.51| 2,76 | 2.50| 2,02 .63
2,76 | 2.56| 2.15| 1,77 | 3.7% | 3.30| 2.54 | 1.96
4,88 | 440 3.l 2.6 7.25 | 6.49] 4351 3.01
8,73 7.68 ] 5,65 3.97 | 1422 | 41,69 | 7.57 | 477
1,20 |12.28 | 6.63 ) 5.73 | 24.35 | 19.71 | 12,08 | Z.10
24,57 | 18.41 |42.50 | 7.93 i 38,63 |30.76 | 16.09 |10.07

The pressure ratios shown in any linc of this table are those
which would bc obtained under the variousomditions by & comprcssor
designed to give the stated tempernture rise, running at oonstont r.p.me
provided that the polytropic efficiency is nut altered snd that the
original assumption of constsnt temperanture rise is corrcot.

7+4.1. Variation of Speoific Thrust and Efficicncy

from this teble and the cycle perfommence in terms of pressure
rotio it is a simple matter to conatruct Figurc 21 showing the wvuriation
with forward specd at thc 2 altitudevs considered, of the specific thrust
and efficiency of Jet turbine engincs having differcnt valuss of
oampressor work, lThe turbine inlet temperature is sgain constant at 1100°K.

The crossing over of the curves of Pigure 21 illustrates
again how the optiinmum work required in the compressor decruascs with
increasing forward specd. The figure also shows that, 2t a given forwnrd
specd, tiac compressor tewperature rise for meximum specific thrust is




smaller thon thet for meximum ow 1 ¢fficiency. The improvement cf

both specilic thrust cna overall c¢f.iciency with inereasing altitude

is alsc parent. The increcsingly ropid foll off the specific thrust

curves tbove 1000 m.p.h. is due to the Ilnereese in intoke loss due tc
nere asswuacd to be normul to the flow.

shock wives, which

21 an

7.1.2. Veriation of :oss rlow
fiiciency shovn in Figun

Vhercas the volues ol overall
ir per Bec. through the engine, 2

independent of the moss I'low of

knowlcdge of the variation of this quantity is required before the
vuriction of actual thrust mey be detemmined from the veriation of
speeific tnrust with altitude wund forward speed.

There are meny weys

throughput of' the engine nny
be limited bat it is west convenient to asswae, initially, thot a limit
is imposed by the turbine nozzles choking, © condition wiich usually
occurs in practice. We mey essume, too, thut the turbine inlet temper:turc
remzins unaltered by changes in forward speed and eltitude provided thot j
the rotational speed is unchanged., This would mesn, under certoin
conditions that, by fitting a variable areo propelling nozzle to the cengine,
the exhaust conditions of the turbine can be controlled in order to keep
the inlet temperature scnsibly constont. @nen choikiing conditions: oceur in

(2 condition

in which th

-
Ld

the propelling nozzle us well cs in the turbine nozzles, )
which will generally hold good in the present study) conditious of
«111 corre.pond closcly with constrnt

constent turbine inlet tempercture
propelling nozzle area conditions,

If the turbine nozulus are choking tnd the inlct tungc:.'.t\.;xs to
flow tluough the nozzles, and

is dircctly proportional to the total

( the tuibine is constant then the mos:
] consequently through tne whole cngin
' head pressurc at inl:-t to tihe nozzles end to the nozzle throat areca
| provided. The variation of the inlet totgl hecd pressure moy therefore be

| regoxrded as the variation of the mess flow of oir per sec. fer unit aren of
H

i

{

e

the nozzle throats.
<

This variation is shown in #igurc 22, again cssuning & miormnl
’ ng

shock wave ot entry, and & conutunt polytropic efiicicncy in compression.
The figwie 1llustiates the considershle increascs in turbine inlet
pressure znd consequently in moss flow, due to the formard speed cad shows
also the cficct of the reduced wubicent.pressure ond temper. ture at

altitude on these quantitics.

——————

7.1.3. Variction of Thrust

It is now possible to construct curves showing the voriction in

thrust with forwnid speed at two cltitudes fox 4 tyosicel gos turbine jet

, propulsion engines (distinguished by the different values of compressor

work) subjcct to thc verious asswaptions wiich have already been detedled,
These curves tre shown in figure 23, the thrust being cxpressed as pounds

per sq.in of turbine nozzle throct area, This eren will, of coursc,

remain constent for one porticular engine, but it is not necessirily a

yardstick for tie overall size of the enginc. Comparison between the |

performance of the differcat cngines is, tucrefoivr, not satisfectory,

unless it is restricted to the monner in which tho buvuet of kha vorious

engines veries. with apoeed nt, given nltdtude.
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Such n compurison is mcde in Figure 24, for the sen level ccase
only. »ll L engines are assumed to give tae same thrust at 750 m.p.h.
(approximately M = 1,0) und the thrust ot other sircroft specds is
expressed relative to tais value., For each engine as forwerd -speed
increases the thrust fells to o minimum, then rises agein to a mrximum
before finally beginning to full to zero as the ocutput per 1b./sec miss
flow of the gcs turbine tending to zero predominates over the increasing
mass flow. The figure then illustrates clearly the fret that at specds
below 750 m.p.he ot which the thrusts are mnde equal tihe engine with the
lowest value of compressor wori: gives lecst thrust, the limit being
rcached, of course, with the propulsive duct vhich gives no thrust until
rerching 2 forward speed providing a rom pressure rise great enough to
overcome thc losses in the system. Over the rmage of compressor work
shown, the relative thrust at low aircreft specds increcses with
compirreasor work but it will clearly recch o maximum ond return to zero
as the tempervture after campression approaches the maximuwa tempercture
of the cycle.

Above the reference speed, the relative thrust «t & given
speed increases as the compressor tempercture rise falls, zs docs «lso
the aircraft speed at which the engine achieves maximum thrust.

At the constant maximua teaper:ture of 4100%k &n engine of
90°C compressor work is scen to be cepnble of giving over twice the
thrust at 1250 m,p.h. that it provides ot take-off and &t airecrrft
speeds up to 400 m.p.h. An, engine of 300°C compressor work, on the other
hand, provides its best thrust ot O m.p.h. ond from 80 to 90% of this
thrust at speeds up to 1400 m.p.h. before there is a sudden fall, It must
be resembered, of oourse, that the overzll efiicicncy of the latter
engine is greater than thot of the former, and that it also requirea a
smaller mass flow to cchieve o given design thrust,

If a higher maximum tempercture is considered the overall efiects
Just enuaerated are not substantially altered, excepting that the valwes
of forwaxrd speed and oompressor teiperature risc at which the various .
waxima and minime occur are increased,

7e4s3.1, Effect of Component Inefficiencics: Intake Efficiency.

Enough has alreedy been szid about the influcnce of coupressor
and turbine efficiencies upon the output of the turbine engine to moke
further discussion of tnese points superfluous at this stage in the
present vork. It must suffice to point out that the conditions of constont
main oomponent efficiencics assumed in this genercl theoretical study of
the performance of a simple jet engine ot full rutational speed will
rarely be attained in praotice. Some modification of the figures presented
should, therefore, be anticipoted.

At the mupersonic spceds which have been considered, however,
intake efficiency begins to have a predominant influenoo on the perfomance
of the enginc. This is because an increcsing amount of the compression of
the eir is being corried out in the intcke and therefore the output and
overall efficiency of the engine depends more and more.on this compression
being done officiently. Further the mmount of air inspired by the cngine
per second is nlso dependent upon the intake efficiency.
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fiiciency, however, curv ided ir 1
correspond approximately t 1 n of oblique shocz fronte
relzted losscs (based on <] rinin v « The effect to inc
considerably the thruat obtained 1 e pohe  €specinlly ir low
ressure ratio engine, e.ge bH% for a compres.or ereture ris 24
90°C. At the seme time the forwe peed at which ti xigum thrust of

low pressure rotio @ ¢ vtain is, of cou s increcged.

7.2 Perfomance at Different ingine sototion:l Speeds

In the preoeding paragraphs on approximaticn to the performunce
of 2 gimple jet engine running ot constunt r.p.is. hos been mnde by
cmploying semewhat swecping tssuuptions. These included the constancy of
compressor nnd turbine efi’iciencies cnd the independence cf the compressor
temperctuce rise on inlet conditions or throvghput, whilst the mcss flow
and maximum tewmpersture of the engine cre assumcd to be controllsd by
choking conditions in the turbine nozzles nnd the propelling nozzle, or
by virying the propelling nozule nrec when it is not chokeds

1n considering the perfommence of the engine 2t reduced r.p.m.
in the same genercl temna, tie temperaturce rise in the compressor czn be
considered as approxim:tely proportional to the squorc of the rotatiornl
speed, tnd as long as the two chioking coiditions holu good, the moximum
temperature of' an engine with fixed exhoust arce clso voaries roughly is
this quantity. The thrust of a stationar; engine, thercfore, falls in
proportion to the third or fourth .power of the rotational speed, in
response :to both {nlling throughput and folling specific output. The
essunptions regardipg compressor perforurnice mode zg o meens to on end in
the foregoing can no longer be justviiied vien o ‘simple method fox
assessing the airflo« cecses to be cvnilable i.c. when the speed of the
engine is sucu that choking in the turbiic nozzles no longer occurs.

or these conditiocas turbinereanreeteristics bused on th
porticuler design of turbine must bt used, zad it ia cle.r that when
this is done, more realistic compressor characteristics tiva thosc so
for nssumed, should olso be cmployed, The methed for determining the
performonce of'. the engine now is bised on the matching of canpenent
charccteristics, and is that which must be employed for an rssessuent
of engine performance demcnding grecter accurncy than the previous
general agsunptions con yield, This wmethod is detniled, for o simple jet
engine, in the following section of' this report.

PERFORUMANCE ESTIMATION BY MATCHING 02 CO.FONENT ClARACTERISTICS

In estimnting ond expressing the performunce of o grs turbine
engine, widespread use is made of non-dimensionzl groups of the
ocontrolling factors which allow o considcrnble simplification in both
the ctlculation ond presentetion of the re.uired performance data, The
use of the method probably lv.s its origin in tie non-dimensional
 representation of supercherger chaorccteristics which is now widely
wccepted. Turbine performence, ond indecd complete engine performance,
cun be expresscd by similer methods, cnd the simyle jet turbine engine

i
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is such thet the viriction of any one performance crit-.i.on over the
whole of the posaible oper:tiny rang: of the engine .o i tireraft
power plont cin be exprvascd graphicilly in on. simpi. dingrom. In
rmory: comclux turbine wngines whese thoere orv morc viri..bl: controls
on the j«rformrace, ¢ swries .1 such dis.grims aey by neccess ry, but

a non=dim.nsion:l trentaent still pormits consideruble simplification.

6.1 Usual Non-uimensicu.l Grougs for o Simple Jel Zipiae

ror & particular design of turbine-jet engine of & given
sntpe, five independent variacbles may be regnrded us complietely
determining the perfonine: of the dusign under n11 flight conditions.
They eie :-

N the rotational speed

v the forwexrd siced

Py the anbicnt air pressure

Ta the a.bient air tempert.ture

L = =& chuiroteristic refercne. length denoting the scale.

The main performance guantitievs dependent upon these veriobles tres-

F the thrust

@ the fucl consumption

Q4 = the cir consusption

Insteid of expressing the three latter as functions of the
five vuriables, by dimensioncl ennlysis it is possible to form groups

of non-dimencional qu ntities and to express the performance by showing
the veriation of

P Qv T
L% 12p, ST TPt
as functions of two varizbles only, nomely
NL : v

Vi, v,

a

When ‘conaidering the performence off one engine only,
the length L is constent end is often amitted from the sbove groups,
It should be stressed thot "L" denotes the scule of the engine, and
variations in "L" imply & oanpletc scaling up or down of tho engine
in a0l dimcnsicns nnd not of onu cumponent only such s the propelling
nozzle. : lteriug one componunt without altering ©ll the rest to the
some scole contridicts the originnl assumption thiit tue engine 1s of
particulsyr design cnd given shope,
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The assua tions alsc o« swie that th. viccesity or the air
has no apprecitbie vt ¢t on tas p suvonwence of th e bon and tn. t
averag: vaiuis of s.ccidic heat for the virious Cuigs s Lis own be
assumed anu muint:ined constint without introducing too lurge an erior,

Finally it siould be not d ta:t though 5, ~nd Jp are coutionly
expressvd in similer wnits of mess poer unit time, this is not
fundementally corect a7 should be regradea us o melsure or neat
energy relunased per unit tiue, the units of mnea ia wliich it is coanonly
expressei b ing convertibiv to units of hent by usiiyg tie culorific
vulue of the fuel, This expluins the difrersnce in the non-diwcnsional
forms of these 1o quantities.

8,2 Non-dimensional Chixtct-ristics of Components

Ue2. 1. Couny :sizor

The pertormance of o coapressor can be cxprussed by the A
variaticn with Q. T1t / Pyg for given viluss of W of any two .—"
the three quuntities - pressuse ratio, 1’2‘/1’“;, tumperiture risc ratio,

(T2t = T4t)/T4¢s or overell efficiency, M 4z (Phe owr'lix "1t" indic: tes
totul hund conditions at inlet to the compressor ma bae sufilix "2t
conditions at outlwt) These variotions c.nn bz exuresscd on cne diagrem,
however, 23 shown in Pigurce 25 wiwre lincs of c.nstznt (T4 - T1¢)/T1d
are superimjoscd on the pressure ratio disgrome The overll efiicicney
"oontowrs" mny wlso be inciuded for inturest but are not required for
the computiition of orrfonuances

8. 2.2. Turbine

Sinilarly the performance of a turbine may be expixl‘essed. by the
variation of (T3¢ - Tpg)/T3¢ cnd Pst/Pyg with QVTsy / P3¢ and N//Tyy
where suftiz "3t" indicates inlet total head conditions and suffix "4t
total heud conditions &t outlet. As, however, in matching = turbin. with
itas compressor, the .ndcependent viaaable to Le chicsen so tuet the work
output of the fonmmwr is sufiicient to drive the lotter, 1s the tewperiture
ratio T3¢/T4¢, it is often wore conv nient to plot the turbiue l;x:ri'onni!!
as a function of QN/P3t :nd (Ts¢ = TM;)/NZ, thus eliminsting @ Laboricus
trial and error process to determine Tsy/Tqg, as will be shown later. The
latter method of plottanyg the characteristics is showi on 2 suall scale

in Figure 26,

lIt is assuped thrt the mass flows through turbine and compressor are
equal,
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8.2.3, Jet pipe and oropelling Nozzle

It muy be assumed that the characteristic of a jet pipe to
which propeiling nozzies O V.rious sizes eve fitted cua be obtained
from & cingle curve showing the v riction of W vyt / Astut with
Pa/Puts where Ag 1s the eficotive throat ared of tne nozzle. This
implies that the iosses in the pL.e ars indeq-ndeat of the gize of the
propelling nor.lz fitted cver the rangy of sine considercds, rigure 27
ghows both this variution of Q4 v T4t /454 with By/Py 4 ond also the
variation of FG/u5Pn.where Fg is the gross thrust creeted, nssuming
that thc nozzie is & piain convergent onu ond that when choking the
thrust c.n be considercd pi.rtly as womentum thrust @nd partly as pressure
thrust apylied over thw sutlet cren of the noszle.

8, 2. 4. Combustion Chasber

Phe oiicicncy With «.ich fuel is burmt is jgnored in cbtaining
the equilibrius condit:ons of & turbine engine os it simply offlects the
ratio of ih. cetual fucl conswaption to that idcally nccesstIye. The
pressure 1oss in tie coubusticn creabeir does, hodevaer, jnfluence the
motching, o¥ th coaonents 8o weli & influencing the ULl Ormancu. It
is often sufilclently accurate to assun that this loss is & fiszd
propertion or tik inlet pressure, PutsoT altcernatively the proportion
may be assumed o vory s ( | vT2e /Pag)2, a quentitly which is
determingble from the compresses chorocteristiies. There shonld tlso be
an pdditional Cxpression roluting i proesure loss to the tempereture
rotio obtained by combustion but tuis is, ns yet, little used in
pexrformance: work.

8.3 LADKPRE O. Compruusor cnd Turb inc Charncteristics.

For cvery ,oint on the compressol chiwrncteristic the following
quantitics are known

Qu VTt /8¢ 0 N VTig » FPor/Prg 209 (T2t - T1e)/ Tt

The relation between (Tpg = Tqg) = (Tyg = T)4) hes been
guoted in Section 5.1.2. and tnis enables (T3¢ - Tht) /N2 to be
calouloted. Further &s Py¢/P2y mey be nsswessd from the combustion
pressurc loss datz, QaN/P35¢ may also be camput.ds Those quontitics arc
‘sufficient to dctemmine (Tzy = T),4)/T3¢ and P3¢/Pyt frou the turbine
characteristics.

2
Now T3t = (Tit = Th-t)/Nz ” __4/._.__._1‘
T1e (T3¢ - Tat)/T3¢ WA

. .

and cen therefore be detcrmined. Lines for constent values of T}f/T1t
may be superimposed on the coqpressor cherwcteristies, as in Pigure 28,
to indicate the temperoture w10 required for equilibrium running
between thease camponents At ony compressor opcruting point.
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8.4 Addition of the Jet pipe

Each compressor opereting point now determines & velue of
QVTyt /Pyt nd of P1t/Pyg. If the engine is theh assumed to be moving
forward at any choscn flight =xuch number (i.v. chosen value of V/ /T )
so that Pq¢/Py ond T1¢/T, are known, Pp/Pit iz dctermined cnd
QaJTm /Aijt obtein:d from the jut pipe chorscteristie. The propelling
noz.l¢ wret Ag, r-quir:d for opvration at the given noint wt the choeen
flight "ach no. is therwfore determined. This volue can be used to give
¥o/Pa from the appropriat: value of Fg/AgPa ond the net thrust, Fy, is
finnlly asscssed by

) B S AT TR S Ta . 1
Pa Ta Pt T /I, T, 8-

wherc V has been coRverted to £, pese

Further N _ _N x /1t
S 1y M Ta

so that Fy/Ps , N// T, and A5 arc known for each opereting point whon
v/ Tq is chosune It follows that if A5 is ccused to remein constant, o
unique operitiag line for cich valu: of V/ J_q:: is determincd on the
equilibrium runming diegraw end for thiz volue of A5, Fy/Py may be
expressed as o function of N/ /Ty tnd V//T5 , as was sti.ted above,

Similarly, elong the opercting linw for & chosen value of
V/J/T, (T3¢ - Tog)/T4g may be calculated and, if specific heat
variations cun be ignored, this will yicld distinct vaiues of ¢/Tyys
where q 18 the fdeliair ratio ond so lead to the evoluation of Qe /ToPp
thus

S = 4. YTt o Pix Mg
VIZ « Pa Tt Pi¢ Iy Ta

Unfortunatel, the relationship butween (T3¢ - T2¢)/Tq¢ and

q/!l.‘1 " is not simply a function of the oulorific value of the fuel, for,
because of the inconstuncy of the swpceoifie hewt of wir, it is also
depandent upen the temperuture renge, over which the fuel is supplied,
A non-dimensionsl neprescntstion for the variation of fuel flow can
only be exact for onv oltitude (defining the temperatun. mnge covered)
and & muximum uvrror of about 5% mey be incurred by assuaing the curves
are corrvct for all altitudes, This illustretes the limitations of the
non-dimensionnl repres .ntation of jet turbine engine perfomnences
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8.5 MEquivalunt" Conditins

It is guncriily found advantageous to plot the non-dimensional
represcntation o1 perfornance thus derived as the veriation not of the
simple non-dimensicnal quentities indicnted but of the cquivalent
values st som: altitude, usually sez-luvel. fhusyinsticd of Fy/P, , is
plotted Fy x 14,7/, 20 thit vilues Tor thrust et s.a-level amy be
recd of1 Jdircetly fro. the curvas. ..t other cliitudes o knowledge of the
atmosphuric ccoaditions r.lutive to s.a=level is ruquired in order to
determine the actunl thrust. If cthespnoric prezsure cnd temperature
reletive to the roeogective volucs at son-lovel arc denoted by pa and ¢,
then fequivelent' pirancters may be dorived from the non~dincnsional
oncs by rplacing Pg by pa end Ty by ta.

8,6 xrcaple

The churiieteristicas of the components taken for this example
are those sheun in Pigures25, 26 ond 27. ..t the dcsign speed of 7000 ram
the compressor ;ives o prussure ratio of 3.6 to 1 snd ;msscs 50 1b./seo,
of air (g /Tq¢ /P41t = 57.72) undcr sea-level stetic conditions. The
overall efficicncy at the design point is slightly in excess of 84%
and the chorceturistics arne intended to be ty :[iccd for o British axial
compressors The peck compregsor efticiency is tLpproximately 88% and the
lowest efficivncy in th. mnage coversa is ~bout 7u%.

The turbin. characteristics cre theoreticsl oncs for o single
stoge turbine of nozzle ecngle 25° and blade outlet angle of 352 measured
from the circunfurential direction :t th: ueen blade height, At the \
design point marked on figure 26, the mean blade sgeed, u, is approximetely
909 f.p.s., (s:c-level stetic conditions). This mecns that the dometer
of the turbinc ot mean blade height is 2bout 29, 8" and to give tiw
required nunulus crea, S, the inner cnld outer diaucters must be 27.6" ond
32,0", Thuse dimcnsions are sligatly groetor than those of the turbince
of the Metropolitan-Vickers F2/4 engine, the onry compurcble British
single-stege turbine at prusent in usc. »t the grenter roti.t.onal speeds
asgociated with centrifugal compressors, the turbine dinmeter for a given
blede speed meed not be so groat. The total head efiiciency of the turbine
at the design point is approximstely 878, the inlet totel head
temperature being 1100°9K,

.a

The only point ruquiring further .x;lunction in Figure 27 is
the form of thc mwess flow curvee This is = semi-capirical curve which
removes tne anqualy obtiin.d by.asswaing caustint jet efi'iciency, that
the mess flow permacter, QTut /AgPLt, reaches o muxinua before the
velocity o' thu gas in the throzt of the nozile reaches the sonic value,
For the lossus assumed, the mss flow puremcter reaches o maximum of
0.976 of the maximwa iscntropic v luvc (0,3896 for a Kp of 0.274) at a
pressurv rutio of 0.526, under waich conditions the vxit velocity would
be uxpected to be sonic,

P S e L I

Figure 26 shows the compressor and turbine oharwcteristics
linked by lines of cunstunt tomperntune mtio Thg/T4ge Those arc scen
to be alilost parsliel lines, running obliguely into the canpressor surge
line at their 'lover' .ids. .t ¢ given ness flow the tenperature ratio
increascs with comprussor prussure ittio, the oxtre. work required for
ocaupression demanding a higher turbine inlet temperature, ..t the design
point the value of T34/T¢ is, of course, 1100/288 = 3,82,
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i Wd 30 the vaiuss o6 uivelen thrust ~nd
uivalent svifie fuel consum tion nt three voiucs o uivalent
reif't speed, Yy nd 000 e Pelie toined by wWorki. elong th

lin  constont I/ \/ﬁ for the cou s30T, I Jlotted agd inst the
flectiv X of t Jjet requr 4 fol 1 Librium runninge Th int
ffic C) is assumcd to be UOY

ith this exaaple, a8 1h virtually a1l englics so for bullt,
at nll coxbinations £ speeds, maxluum thrust occurs 2t the compressor
surge lin jhere the turbine Opel ing tonpuintures e highest nd the
thrust frlls ofi ©s the jet arca is incr 1 to bring th equilibrium
running point further from thc sWrgs - nee Thig fall- £f is grectest
t the aighest jreraft speeds.

1t will also b notcd thnt the Jet are below which surg -free
operation is jmpossibl increcses ©g the S 3 of the canpressor is
increased. it the higher speeds, voriations ir -irernft velocity have It
jnflucnce on the Je t arec wiich causes surging ot 2 fixed velue of
¥/ Jtjye This is duc to the propelling nozsle choking, so thet the
changes in Jet pre ssurc mmtio du to forward specd cause no nlteretion

P

in the value of 2\/'-‘-'1,4-/515?4{ (see Figure 27) and hence of A5
corresponding to & fixcd point on the cani regsor chrrancteristics.

1t is, &t first sight,sur’-_risi..\b to find thot the specific
fuel consumption also falls, os the ol croting point leaves the surgt
line, though in this c~se & I nimum velue is renched mnd ot large Jet
~recs the specific fuel conasumption is egein incred sing. Further if the
running lines for a Jjut ored of 141.3 sqeins. the design velue, an
plotted on the coanprussor characteristics (Figure 31) comparison between
Figures 25, 30 & 31 shows thet although the compressor is then made to
operate at peck efficiency in the range of spced between 7,000 and
6,000 repele minimun specific fucl consumption is not being obte incd.
Instwed the minimn occur at higher jet erens and ore associnted with
lower turbine operating temperatures, lower pressure rotios cnd lower
valucs of thruste Ignoring the Iepel ot' the compressor it c¢on be
deduced that &t constont pressure mtio slso there is an optimun value
of tempereture ratio T'3 t/'r,, y 2t which wininum specific fuel conswaption

OCCursS,

Referring back to Figwe 5 it will be reoalled thot ot
constunt pressuie retio the cycle efficicnoy of & gos turbine shows no
tendency to reoch a moximum at an optimua temperature ratio in the range
encountered here, though &t high tempercture rotios the cfficiency is
almost indepéndent of the temperature mtio. The specific fuel
consumption however, is & measure of the efficicncy oft the turbine and
the jet togutheny and when the circraft is moving ot © speed,V

Specific fuel consumption & ° v/no
« ‘V/Mecnp
overnll efficicncy of turbine and Jet
cycle efficiency of the turbine
propulsive efficicncy of the jet
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At constont forwerd specd olthough "¢ continues te increase
slightly with increesing temper: ture ratic at constant prussure ratio
Pigure 18(c) shows that ™ p will deorensc, bucousc the specific output
from tanc cngine is inor-iszing, :nd :. jut is only yoerf.ctly efficient
when it dous no wolXe These e of'tecte op:cring vech other ure responsible
for the fona of tn- curves of speeific fu.:l consumption agninst jet crea
and explnin why o tinwn censumpticn dous not neecssarily ocour where the

campressor « rici.ncy is higliest.

When the nireraft is stationzry the gquoticnt V/mg is
indvteminst. but the r lation boetween BilP outut fram the turbine nnd
thrust cutjut from the Jot (Pigus: 1e(d)) nebles & similar :trguseat.
to be cstoblished,

8, 662, Perfocnne: vith fixed pror lling nozzle

The ciuilibriwe rmoming diagrea Sor the engine fitted with a
fixed propelli.y noz.l. is shown in rigurs >1 and the verictions of
equivedent thrust and cvguivelunt specific fuel consumption with equivalent
spced are shown in Figures’32 ~nd 33. Thesc veraations arv also given in
N et diagrem form in Figure 34. In thes. ditgroms the lines of constant
V/y/_to_ar: spaced out equidistontly and connected by curves of constant
N, ta, the data being thus plotted and cross plotted in one and the
samwe figurv,

rrom Figure 31 it ctn be scen that .wor N/%y of 7,000 r.p.ma
the running lines for zll aireraft specds becunw coinecidunt duc to
choking conditions being reached in the jet- ipcs Below this spewd the
lines fan out, the highest forwnrd spe.ds buing cssocictted with higher
mess flows. At constrnt zltitude ~nd r.pem. the vilue of NA/t4¢ decrinses
with incruusing forwerd speed, and on Figure 31 sre sirked the running
points corrisponding to 7,000 r.p.u. at the three values of V//E, at
sea level and in the strntospherc. Becatuse the ram tuiaperature rise is
proportional to the syuarv of tne forwnrd speed it is not surprising that
the difterence betwecn the points for 300 mep.he #ad 60U m.p.he is imuch
greater than between O and 300 me pohe Thic 21lso illusirntes the feature
that « turbine engince is mor. likcly to umeounter surgan:, in the
oompressor when 1t is flying at low forward speeds, say during clinbing
than when flying level ot high speeds at the scpe rltitude and r.p.m,
With the engine considcered, surging is just avoided, but from Figurc 29
it oon be sevn that with ~ propelling nozzle saw 10% under size surge=
free running would not be .ossible @t @.sign repeme vven ot sca level,

The curves of turusi ond specific conswaption requirs little
comnent. Thos.. for thrust show thi:t the cxpect:d toendiney to f:11
initially with increcsing forwinad specd cad then to rise agoin, though
more will be seid about the forw of” these curves in the following
paragraph. The "c: rpet disgram® for speoific fuel consumption (Migure 34)
shows that ut scn level, although the miniaum fuel consumption occurs
below 7,000 rep.m, when the aireraft is stitionary, it occurs closc to
this speed ot high flight velocitivs. rigure 3) . lso mukes clear that
within the runge of cyuivalent r.pem. from 6,000 to 8,000 r,pe.m. which
covers 11 cruising nnd maximum operating conditions at cny altitude,
engine apecd is rore iaportant thrn airceraft speed in deteamining - the
thrust, but in d.teraining apecific fucl consumption the reversc is true.
It must be remenbered that coiplete combustion of the fuel is assumed
in prescnting thes:: results,
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* 8.6.3. Effcet of lnteke :nd Cou.cessor if.iviencies

If refirence iu now wad . to Sijuiv £ 'nd the curve in
Figure 34 showing thi v sizticn of thrust with forwird speed assusing
see level opvrrtion tt /,J0C repems i3 eompu\u with the appropriate
portions of' ti. ourves wyraviously obtiined it iz secn to cgree most
closuly with tir curves for comprxwisuor tengurt.ture riscs of 200° to
500°C zlthougit tie. "wtwd risse =t desin conaltions for th. cngine is
only 150°C. As in the -mine, both turbin: and propelling nolile nre
choking, or viry o . rvly so :nd the moxusws teapes.ture is coustint ot
1100°%® this dafferenc.: is due to diff. icices in the component
efficiuncics os wied in the two e.a 8. the couprvssor znd turbine
eftrcivnci s in lhe wngine nod cuneid red mr cless to thos: nusuaed
in Figure ek, tnough these is now @ sli,ut clsc in cowprussar ofticiency
with forviad s)ocds This would tund to Laprov. tire tirust .t 600 mepeh,
however, iad not result 1u it bulry lower then raticiprnteds This lutter
ffeet is, thorvtfere, Jdue to the lower intake oiTicicncy of 85% nssumed
for th: cugin. compered with 100% Uor sub-sonic flight specds 2sswwed
in producing the previous curves, and i eXiuapie Spian illustrotes
the dependened of @ high apecd turbine-jut ongane on the cticctivencss of
its 2dr intakes,

The other casponent ofriclency which appeurs ost likely to
vary tnd have wn Laportent 2f't:et on the perfonsince of the _cypine is
that of th. cowprussor whea opertting it algh viduus of NA/t1¢ o In the
coupressor considult:d here u .11 of efliciency fraa ohie to 76% oc::urs
between t.hw viluce of NA/%4y of 7,000 rad 8,000 r.peme This is going
to chwuse o Qeteriviv:ition in thv sltitude P rf‘ozm:.m e oy the wanglne ot
full r. p. wnd sine: the rise o wtlicivney below I-l/v’t“; = 7,000 is

not so ste:p ns the 141 at hipher spocds the detersoration will be

more importint it low cirorntt veleecitics tin.t ot high onvs. To show the
magnitude of this -:'v.et, in JSigwe 35 the opaopricte portion of the

"erapetl dingrim" flor Llnust is campared with the diagram corresponding

to const' il cavpsessor cfficieney cyunl to that ot tue design point. At

NA/ta = 8,000 cnd &cro vielocity the groin in thrust in the Litter eosc

would be same 158, but nt wn cquivalent velocity of 600 1. ,.he it would :
only be about 4%, 3

The curves in the lower prrt of Figure 35 show whot this means
in tems of the actunl thrust obtiined 2t 7,000 r.p.u. :nd 0 nnd 500 ™M, P he
at vorying I.C.A.N, adtitudea. although th. differvnces due to friling
ocompressor ufficieuc, uppety smell vhen compr.red with tir f2ul in thrust
due to Llhe lowuring of actaespheric pressw: wiih sdtitude, the
peroentiy,. differcnecs ot & given altitude: -1 dpgeceiibles The figures
of 15% ond 4§ quotcd nbove corivspond closcly to ti gain in thrust
available in the stratosphere if constintl couaessor efficiency could
be maintuined. [he cifeet on the rete of climb of tn cirerft, and, to
a smeller extent, on the to spowd in leved flight at high altitude
would b. noticceoble,

—_— et em s = —————

R See pomt for V=600 m.poh. on Figure 31.T34/T4¢ = 34 nd T9g =288 + 36
= 324,9K & T3¢ = 1100%K = design woluc at sva level stotio conditions,
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The: speoific fucl consumption of the engine in the excmple
taken was not ;rvitly .ltered by zssundng constant compressor efficiency
end is therefore not plotted,

8,7 Confimciiun of Theory by :'ructie.l Vests

1

A fle oy for acdicin; tn - rloniace of o .achenicel device
ctn only b- worthwhils il th. ruowits ot predicts av borme out in
practice, The .theery wsed to o dict the perfomance of &« gas turbine
Jet vagine i flicht cinnot y: 4 b :ad co b. fully teated, but it is
2lso true to =dd thot no twust hns rodue . d & genunl result of reasonable
relicbility with which the theory i i tehily, of cauporent
charicterintics is not in cgrecment. T ticory does not jut extend to
cover the cccurutt prodiction of tne cowponent chowetiristics from
design de tii, but s to asswne thit these wny b obtrined experimuntalldy,
For cxeungle, with probably the siwptost caronent et ©1l, the jet-pipe
and isozzle, the theor ticnl ngswiption of constint ndicbetic efficiency
is found to have shert-comings and tae cuictionohiyp butdeen the
effectize arwo of the ropelling noslle and the actusl wren is not
theorcticnlly prodictible,

After the combustion syston, whos: duvilopaent to ¢ high
atandard of officiency hus been lixrygely o metter of testing and
reetusting, the wnjor couponent on which wost ®sting hes been done is
the compressor. Teats un severai euvntrifuguel and uxial compressors have
been corricd out in this country rmni in sn .ic: ..nd Germazny, but the
growthi of ti: theory te prodict nosulec in full cgreeuent with those
yielded by tests, ia atili inc.aydete,

for the churscteristics of the other .mjor componunt, thu
turbine, woe are otidd lergely doependent on theoreticul casunptions os
yet uncont'iimud by tuists on the compo.vnt os a seuarate unit. Sone
ounfine.tion wey ber obttuined {ron tasts on the complete engine, but
this falls :.r short o what iv desircble. luch experimental work must
be donc befoiv i cowplately adoguate theory of turbine povforaance can
be put forward,

Testa of engincs on the brach, espceitdly tests involving
calibrations with difforent sigesn of wropeliing nozilc, v done ianch
to oonfirm thu wethod of natching non-diaensionel conponent charrcteristios
and the agraed mcthod of corructing test results to standcrd etuospherio
oonditions implics a wide neceptance of this ikthod of truatucut,

fueste of engunr-s in flijht, theugh tuiited by the rsount and
type of inastruseatition which ein ou e.rricl, snl th. accessity of
estinnting thrust indiscetly, since ud suitcble uetsuriag device hag
been developed, have don: nothing to lisprove thw suitubility of tue
non-dimcnsional wetilod od' expressing the  crformence ol the ¢nyine,
when operatin;, at tnw 8 e conditiuas of cvuivilent airercft velocity
and r.p.ms <lthougn at diff'erent :ltitudes tn. conscyuently ct duffuerent
cotucl vulucs of vielocity cnd repeis, the ehgine perfomence expregsed
in non-diusnsionn) Yorm is found to be iduntical within thu liaits of
experimental accuracy. Changus duv to vurying specific hent and air
viscosity lic within the present licdts of tais neccwacy.




Since the end of t ritis ngines have been tested
in the Gexrwan altitude test chuoun i it is understood, that though
the study of thees sul te lete, they too are in general
agreement w th ti nor t Yo

Conclusion

In thi t aa t s becn wade to outline the extent
to which the theoreticsl possibilitivs of the gas turbine cycle have
been investigat during reoent yeurs. These theoretical 1..v~;.~t‘b;.t1 ns
have not, of course, been the wor iny oune person or of any onc group,
but the author wishes to acknowledge his indebtedness to those from
whosc work he has drawn frecly in preparing this monojraph. A bibliogrophy
of this work is appended.

The investigntions have been concerncd not only with the limits
upon performance, inherent in even the ideal cycle, but also with the
extent to which the ideal porforuanc ¥y be reulised in machines of
various coaponent efiicicncivs. The inilucnce of reheating, intercooling ’
and heet exchange on the perforuance of the simple cycle has been studicd
in some detoil. Because of the closc &ssociation between thé gos turbine
nd jet propulsion for aircrurt = Lerge proportion of research work has
centred on the gas turbine as an aero enpine, and the veriations in the
perfomance of such en engine under verying flight conditions have been
exwained, together ‘with the methods by which this performance may be
agsessed frow a knowlcdge of the couponent charucteristics.

iany ovenues of rescarch, however, re.ean virtually
unexplored or at the best, only lightly trodden. To name but a few of the
latter, in which some advunces in inowledge have been .ade, but which have
not been mentioned in this report; they include :-

1. The effect of injecting liquids such os watcr, aiusonie or alcohol
into the air strean before compression, in order to obteint inercased
thrust,

The closcd cycle gas turbine, operating et high pressures and with
other working substances thon air, ,

The equilibrium running of engines involving a multiplicity of
compressors cnd turbines,

The applicetion of the gos turbine to duties other than ciremmft
propulsion,

In addition to the necessity for studying thcese further aspucts
of thc subject of gas turbine engine perforicnce, there will also be ’ in
the future, o constant need to re-survey the ground already covered in
the light of practicnl developmnt.e, using, the results of uore
caomprehensive experimental engiie testing to confira or auwnd the
assunptions which form the basis of the theoretical, approach to the
problen, ct the prr.aent early stage in the history of the gas turbine
power plent,
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